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INTRODUCTION 


Е. A. Kummerow, Gheorghe Benga, and Ross P. Holmes 


Department of Food Science 
Burnsides Research Laboratory 
University of Illinois at Urbana-Champaign 
Urbana, Illinois 61801 


The articles in this volume stem from a workshop held in New York City in 
August, 1982 to facilitate scientific exchange between the United States and Ro- 
mania and between individual scientists. It was sponsored by the National Science 
Foundation and the Romanian Council for Science and Technology. The participants 
all have central research interests in the area of membranes and use a variety of ex- 
perimental approaches to study their structural and functional properties. The aim 
of the workshop was to expose participants to these different techniques and ap- 
proaches, to facilitate an understanding of their application, and ultimately to lead 
to a cross-fertilization of ideas and the development of new approaches. To this ex- 
tent, the workshop was highly successful and a rewarding experience for all the par- 
ticipants. It is our belief that readers of the articles in this volume will obtain similar 
benefits from the application of the specialized techniques presented, and further- 
more, will find valuable new information on a range of membrane properties. 


METABOLISM AND INTRACELLULAR DISTRIBUTION OF 
A FLUORESCENT ANALOGUE OF PHOSPHATIDIC ACID 
IN CULTURED FIBROBLASTS* 


Richard Е. Pagano 


Department of Embryology 
Carnegie Institution of Washington 
Baltimore, Maryland 21210 


INTRODUCTION 


Lipid molecules are essential building blocks for virtually every membrane of 
the living cell. Despite their importance, little is known about the mechanism(s) by 
which different lipids are sorted, transported, and assembled into various intracellu- 
lar membranes. In order to study these problems we have developed an approach 
employing fluorescent phospholipids,'"* which, in some cases, can be used аз true 
analogues of their natural counterparts. This approach has many advantages over 
conventional methods of metabolic study, including the abilities to directly observe 
fluorescent lipid metabolites within the living cell by fluorescence microscopy, and to 
detect and analyze minute amounts of fluorescent material. This report highlights 
some of our recent studies? with 1-acyl-2-(N-4-nitrobenzo-2-oxa-1,3-diazole)-amino- 
caproyl phosphatidic acid (C.-NBD-PA, Ficure 1), a fluorescent analogue of phos- 
phatidic acid, which is a key intermediate in glycerolipid biosynthesis. 


INCUBATION OF С5-МВО-РА м1тн CULTURED FIBROBLASTS 


We have used small unilamellar vesicles as a vector for introducing C,-NBD-PA 
into cultured Chinese hamster fibroblasts. In a typical experiment, vesicles are first 
prepared from dioleoyl phosphatidylcholine, C;-NBD-PA, and the non-exchange- 
able fluorescent lipid?? N-(lissamine) rhodamine В sulfonyl dioleoyl phosphatidyl- 
ethanolamine (N-Rh-PE) (77/20/73, mol Ф), and then incubated with cells either in 
monolayer cultures or in suspension for 60 min at 2°C. All incubations are carried 
out in a protein-free HEPES-buffered balanced salt solution at a total vesicle lipid 
concentration of 0.2 umol/ml. Following this incubation, the cells are washed, and 
either examined by fluorescence microscopy, or the lipids are extracted and analyzed 
using conventional analytical procedures. 

TABLE 1 presents some typical results on the uptake of C,-NBD-PA and N-Rh- 
PE by cells under these conditions. As seen from these data, significant amounts of 
the NBD-lipid are transferred to the cells with relatively little uptake of N-Rh-PE. 
This results in a ratio of NBD to rhodamine fluorescence in the washed, vesicle- 
treated cells that is much greater than in the applied vesicle suspension. This ratio 
demonstrates that the uptake of C,-NBD-PA is due to preferential exchange or lipid 
transfer,^57 and is not due to the association of intact vesicles with cells.9-5-? Uptake 
of intact vesicles would cause the ratio of NBD to rhodamine fluorescence in the cell 
extracts to be identical to that found in the starting vesicles. Similar results to those 


* Supported in part by a grant from the Whitehall Foundation and U.S. Public Health 
Service Grant GM22942. 


1 
0077-8923/83/0414-0001$01.75/0 © 1983, NYAS 


2) Annals New York Academy of Sciences 


H 
| 
| 
0-Р-0” 
| 
ШЕ 
| 
| | 
0 О 
| | Ficure 1. Structure of a fluorescent analogue of phos- 
O-C C=0 phatidic acid, 1-acyl-2-(N-nitrobenzo-2-oxa-1 ,3-diazole)- 
x | | Ё aminocaproyl phosphatidic acid. К, fatty acyl residue. 
R (СН2) 
| S 
NH 
N 
Ж 
No 
Е N“ 
№2 


presented іп TABLE 1 were obtained using monolayer cultures in place of cells in sus- 
pension (unpublished observations). 

Extraction and analysis of the fluorescent lipid associated with the C,-NBD-PA- 
treated cells revealed that 80-90% of the C,-NBD-PA is hydrolyzed to 1-acyl-2-(N-4- 
nitrobenzo-2-oxa-1,3-diazole)-aminoacyl diglyceride (NBD-DG), even though the 
cells are maintained at 2?C throughout the experiment. Most of the remaining fluo- 
rescent lipid is in the form of C,-NBD-PA, although small amounts of NBD-labeled 
phosphatidylcholine (NBD-PC) are sometimes also detected. If vesicle-cell incuba- 
tions are carried out at 37°C, significantly more NBD-PC is formed, as well as 1,3- 
acyl-2-(N-4-nitrobenzo-2-oxa-1,3-diazole)-aminoacyltriglyceride (NBD-TG). Thus, 
C,-NBD-PA is metabolized to the fluorescent products expected from the estab- 


TABLE 1 


CELLULAR UPTAKE ОЕ C,-NBD-PA By CHINESE HAMSTER FIBROBLASTS AT 2°C* 


Cells Applied Vesicles 
pmol NBD-lipid/107 cells 3383 - 
pmol N-Rh-PE/10' cells 16 — 
(pmol NBD-lipid/pmol N-Rh-PE) 211 |055 


* Cells were incubated with small unilamellar vesicles composed of dioleoyl phospha- 
tidylcholine/ N-Rh-PE/C;-NBD-PA (75.7/1.8/22.5, mol Vo) for 60 min at 2°C. The cells were 
then washed, the lipids extracted, and the amount of cell-associated NBD-lipid and N-Rh-PE 
quantified. Identical extractions and analyses were also made using an aliquot of the starting 
vesicle suspension. 
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lished lipid biosynthetic pathways (reviewed in References 10 and 11) in mammalian 
cells. In contrast, when NBD-PC is used in place of C;-NBD-PA іп vesicle-cell incu- 
bations, substantial amounts of fluorescent lipid become cell-associated, but no me- 
tabolism of this fluorescent lipid can be detected.'" 


INTRACELLULAR DISTRIBUTION OF NBD-FLUORESCENCE 
IN C4-NBD-PA-TREATED CELLS’ 


When vesicles containing C.-NBD-PC are incubated with Chinese hamster fi- 
broblasts in suspension for 60 min at 2?C, the fluorescent lipid is incorporated al- 
most exclusively into the plasma membrane.' This results in peripheral ring fluores- 
сепсе as seen in FIGURE 2а, with little, if any, fluorescent lipid being observed inside 
the cell. By contrast, when identical incubations are carried out with C;-NBD-PA, 
no labeling of the plasma membrane is seen. Rather, the cell-associated NBD-lipids 
appear to be totally intracellular (Figure 2b), with labeling of the nuclear membrane 
being particularly prominent. 

The distribution of intracellular fluorescence observed following treatment with 
C.-NBD-PA is better resolved using monolayer cultures as seen in FicunE 3. Two 
prominent intracellular features are seen. First, a portion of the fluorescence is local- 
ized in a reticular network in the cytoplasm; and second, bright *dots" of fluores- 
cence are distributed throughout the cytoplasm. These two regions of the cell have 
been identified as the endoplasmic reticulum and mitochondria, respectively. Identi- 
fication of the reticular network was accomplished as follows. Cells were treated 
with C;-NBD-PA for 60 min at 2°C, washed, and photographed. The cells were then 
fixed, permeabilized, and treated with a rhodamine-conjugated lectin, Lens culinaris 
agglutinin, which has been shown to stain the endoplasmic reticulum.” Subsequent 
photography of the same cell using optics appropriate for rhodamine fluorescence 
demonstrated that the reticular network stained during C,-NBD-PA treatment and 
the endoplasmic reticulum stained by the lectin were the same cytoplasmic structure. 
Identification of the bright “dots” of fluorescence was accomplished in an analogous 
manner using rhodamine 3B, a cationic fluorescent probe that is specifically accumu- 
lated by the mitochondria of living cells." 

Thus, when cells are incubated with C;-NBD-PA at 2?C, the mitochondria, en- 
doplasmic reticulum, and nuclear membrane (an extension of the endoplasmic retic- 
ulum) are the principal intracellular sites of fluorescence localization. 


METABOLISM AND REDISTRIBUTION OF INTRACELLULAR FLUORESCENCE AT 379С 


In preliminary experiments we have found that if cells are treated with C,-NBD- 
PA for 60 min at 2?C, washed, and then warmed to 37?C in a simple, balanced salt 
solution, labeling of the endoplasmic reticulum was decreased, while new cytoplas- 
mic regions became labeled. Particularly prominent were fluorescent structures 
about 0.5-2 um in diameter (FIGURE 4), which we have tentatively identified as intra- 
cellular lipid droplets. Specific events in NBD-lipid metabolism accompanied this ге- 
distribution of intracellular fluorescence. Namely, the cell-associated NBD-DG was 
metabolized to substantial amounts of NBD-labeled phosphatidylcholine and tri- 
glyceride. In the future we hope to determine which of these lipids is present in the 
lipid droplets, and whether, after long-term incubations at 37°C, some of the intra- 
cellular fluorescent lipids are transported to the cell surface. 
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FIGURE 2, Fluorescence micrographs of Chinese hamster fibroblasts in suspension after 
incubation with Cs-NBD-PC- or Cs-NBD-PA-containing vesicles at 2°C. Incubations were per- 
formed at 2°C for 1 hr with dioleoyl phosphatidylcholine vesicles containing 5 mol % (a) С,- 
NBD-PC ог (b) Ce-NBD-PA. 
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FIGURE 3. Fluorescence micrographs of Chinese hamster fibroblast monolayer cultures 
incubated with Ce-NBD-PA-containing vesicles for 60 min at 2°C. (a) Bar, 10 um. (b) The same 
cell at higher magnification. Bar, 2 ит. ER and М designate areas of fluorescently stained endo- 
plasmic reticulum and mitochondria, respectively. (From Pagano et al.” By copyright permission 
of The Rockefeller University Press.) 


SUMMARY 


We have shown that a fluorescent compound, С.-МВО-РА, behaves as an ana- 
logue for phosphatidic acid, an important intermediate in glycerolipid biosynthesis. 
This derivative is preferentially transferred from phospholipid vesicles to cultured 
Chinese hamster fibroblasts at 2°C, while the C;-NBD-PA-derived fluorescence is 
localized at the nuclear membrane, endoplasmic reticulum, and mitochondria. Ex- 
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FiGURE 4. Fluorescence micrograph of Chinese hamster fibroblast monolayer culture incu- 
bated with Cs-NBD-PA for 60 min at 2°C, washed, and subsequently warmed to 37°C for 30 
min. Arrows indicate fluorescent intracellular lipid droplets. Bar is 10 ит. 


traction and analysis of the fluorescent lipids associated with the cells after treatment 
with vesicles at 2°C or 37°C revealed that a large fraction of the fluorescent phos- 
phatidic acid is converted to fluorescent diglyceride, phosphatidylcholine, and tri- 
glyceride. Although we do not yet know how accurately the metabolism and intra- 
cellular distribution of С. -МВО-РА апа its metabolites reflect those of endogenous 
phosphatidic acid, it is encouraging that this fluorescent analogue is apparently me- 
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tabolized through the diglyceride pathway to give fluorescent analogues of diglycer- 
ide, triglyceride, and phosphatidylcholine. This metabolism suggests that the pres- 
ence of the fluorescent group on the acyl chain of the phosphatidic acid analogue 
does not inhibit the enzymes involved in phosphatidic acid metabolism. 

We conclude that fluorescent lipid analogues such as C;-NBD-PA may be useful 
in correlating biochemical studies of lipid metabolism with studies of the intracellu- 
lar localization of lipid metabolites by fluorescence microscopy. 
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HETEROGENEITY IN THE PLASMA MEMBRANE LIPIDS 
OF EUKARYOTIC CELLS 


Michael Edidin and Alice VanVoris Sessions 


Biology Department 
The Johns Hopkins University 
Baltimore, Maryland 21218 


The so-called fluid mosaic model! of cell membrane organization has served 
well as the intellectual basis for much work on membrane organization and function. 
This model emphasized the hydrophobic interaction of membrane integral proteins 
with the lipid bilayer, and, though other alternatives were considered, the indepen- 
dence of membrane components and the tendency for these components, both lipids 
and proteins, to randomize by diffusion in the plane of the membrane. The idea of a 
fluid membrane whose components were free to diffuse in the plane of the mem- 
brane developed from work on the movement of membrane proteins in the plasma 
membranes of isolated mammalian cells, lymphocytes,” or cultured fibroblasts.? The 
impact of these experimental demonstrations of capping and diffusion of membrane 
proteins obliterated the observations on the restrictions to lateral diffusion that were 
evident in tissue cells, for example in the localization of membrane enzymes to one 
face only of an epithelial cell (discussed by Edidin*) or in the isolation of membrane 
fractions of plasma membrane with greatly differing lipid and protein composi- 
tions.5$ 

Renewed interest in the heterogeneity of membrane organization was awakened 
by a series of experiments and speculations on the organization of membrane lipids. 
A series of papers on synthetic lipid vesicles by McConnell and co-workers developed 
phase diagrams for mixtures of lipids and showed clearly that several lipid phases 
could co-exist in a single vesicle.^5 Jain and White? offered a model in which mem- 
brane lipids are segregated by species into a series of immiscible domains. 

The existence of lipid domains was also postulated in order to explain discrepan- 
cies in the behavior of lectin receptors or enzymes in cells with modified fatty acid 
composition. Thus, Horowitz and co-workers!? reported that the lectin-mediated ag- 
glutination of 3T3 or SV3T3 mouse fibroblasts was a function of temperature and 
membrane fatty acyl composition, but that the critical temperature for agglutination 
was different for the lectins concanavalin A and wheat germ agglutinin. They argued 
that the receptors for the two lectins were sited in different lipid environments. This 
argument was supported by later work"! in which a spin label reported two apparent 
transitions in the membrane lipid phases whose temperatures correspond to the criti- 
cal temperatures for agglutination by the lectins. Similar arguments have been 
applied to differential effects of temperature or lipid substitution enzyme activity 
(reviewed by Jain and Wagner”). In other cases, we infer that physical probes of 
membrane lipids, for example spin labels, are in different environments than mem- 
brane enzymes or receptors whose activity is being followed biochemically." All of 
these experiments suggest, if only indirectly, that membrane lipids are heteroge- 
neously distributed. They do not address the extent of domains around particular 
proteins, though recent work on boundary lipids'^ and on the functional require- 
ments for reconstitution of lipid-requiring membrane enzymes (review by Jain and 
Wagner?) suggest that boundary domains are short lived and rather disordered and 
that there is usually little lipid specificity shown in reconstituted enzyme prepara- 
tions. 
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FIGURE 1. ‘dil’ a carbocyanine dye family with | 
alkyl chains varying from 10 to 22 carbons in length. | ы „е 
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Recent work with lipid-soluble fluorescent probes has given somewhat more di- 
rect evidence for domains in the lipids of native membranes. The data show that a 
given probe or members of a series of related probes reside in different environments 
in a single membrane, though we still cannot determine either the size or the lifetime 
of these domains. The two groups of published experiments strongly suggesting the 
presence of lipid domains are by Klausner апа со-у/огКегв!5:16 and by Wolf and co- 
workers. 17-18-19 Klausner ef a/.15 examined the fluorescence polarization and fluores- 
cence lifetime of diphenylhexatriene (DPH), a hydrophobic fluorescent lipid probe, 
in synthetic lipid vesicles and in native lymphocyte membranes. The work with syn- 
thetic vesicles showed that membrane perturbants that had a differential effect on 
DPH polarization in native membranes did not show any differential in single com- 
ponent vesicles. These compounds did have differential effect on DPH in mixed vesi- 
cles containing both fluid and gel phases. This argued that the differential effects (of 
cis and trans unsaturated fatty acids) reflected the presence of fluid and gel domains 
in native plasma membranes. This interpretation was reinforced by the analysis of 
fluorescence lifetime data. DPH fluorescence in native membranes and in mixed- 
phase vesicles could only be analyzed in terms of two or more lifetimes while DPH in 
single-component vesicles gave a single lifetime by phase fluorometry. 

Wolf and co-workers used a similar logic to infer the presence of multiple do- 
mains in native membranes of sea urchin (S. puperatus)" and mouse (М. musculus)" 
eggs. They measured the lateral diffusion of a series of lipid probes, the dil’s (3,3'- 


DIFFUSION OF Cadil's AS A FUNCTION OF 
ACYL CHAIN LENGTH IN $. PURPURATUS 


(D x 109) cm? /s 


FiGURE 2. Lateral diffusion of dil’s of various alkyl chain lengths in membranes of unferti- 
lized and fertilized S. purperatus eggs." , unfertilized. - - -, fertilized. Diffusion was 
measured by the method of fluorescence photobleaching and recovery (ЕРК),29-27 
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dialkylindocarbocyanines) (FIGURE 1) in single component and multicomponent lipid 
vesicles and in plasma membranes of intact cells. The results from native mem- 
branes, in which the diffusion of the dil’s was a function of alkyl chain length, could 
be mimicked only іп mixed-phase vesicles, not in single component vesicles’? (Fic- 
UREs 2 and 3). The dil’s, like the probes used by Klausner ef а/., appear to partition 
preferentially into gel or fluid phases as shown by fluorimetric’? and calorimetric” 
methods. It is not clear if the dyes probe gel and fluid domains in native membranes, 
or if they partition into immiscible fluid domains of different compositions. As 
noted above, the size of the putative domains cannot be estimated from these experi- 
ments. The diffusion behavior of the probe reports on domain viscosity, on partition 
between different domains and on the lifetime of these domains. If the partition co- 
efficients can be established for the dyes, we should be able to determine the size of 
the domains, assuming that a given domain persists for a period on the order of a 
minute or more. 

At this point, we have strong indications from work on lipid probes of the dif- 
ferentiation of plasma membranes into lipid domains, and we also have considerable 
evidence from studies of protein distribution and function that particular proteins 
may be associated with such domains. In some cases mentioned above, changes in 
lipid composition or organization are not readily associated with changes in protein 
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FIGURE 3. Lateral diffusion of dil’s of various alkyl chain lengths in synthetic lipid уесісіев.19 
(Top) Single component (@) fluid or (©) gel vesicles. (Bottom) Mixed gel and fluid vesicles. 
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function, while in other instances transitions in membrane lipids reported by fluores- 
cence probes are reflected in the behavior of membrane enzymes.*! 

In the rest of this paper we will summarize some work on activity of membrane 
enzymes, membrane lipid composition, and membrane physical properties obtained 
in a single-cell system, cultured fish fibroblasts. The data reinforce the observations 
briefly summarized above in that they indicate that membrane enzymes are differen- 
tially affected by alterations in membrane acyl chain and cholesterol content. They 
also show that, even in a membrane in which these differences suggest organization 
into domains, both spin labels and probes of protein lateral diffusion fail to indicate 
the presence of such domains. 

Fathead minnow (Pimephales promelas) fibroblasts (A TCC-42) were of interest 
to us since they are derived from a poikilothermic animal whose environment (fresh- 
water ponds) undergoes considerable temperature changes during the course of a day 
and during the course of the seasons. Consonant with this temperature range in the 
native habitat, it has been found that the cells will grow in culture at temperatures 
ranging from under 10°C to 37°C. We were able to confirm this wide range of 
growth temperatures, but found that 15°C was about the lowest practical limit for 
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Ficure 4. Cholesterol content 
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the temperatures indicated. Choles- 
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cell growth, especially since we needed substantial numbers of cells for membrane 
fractionation and biochemical study. We expected that the cell lipid composition 
would be affected by growth temperature and that cells grown at lower temperatures 
would contain larger proportions of unsaturated acyl chains than cells grown at 
higher temperatures.” In fact, we found that the temperature of cell culture had the 
greatest effect on cholesterol content and that changes in acyl chain composition 
were in some instances the opposite of what we would have predicted from other 
work on the temperature adaptation of poikilothermic animals. (These effects were 
dependent upon the lot of fetal calf used in the cultures and may reflect selection of 
variants during the many years this cell line has been in culture.) The changes in cho- 
lesterol content as a function of growth temperature are shown for intact cells in Fic- 
URE 4 and for plasma membranes, isolated by the method of Schimmel ef а/.,28 in 
FiGURE 5. It will be seen that significant increases in cholesterol content occurred in 
cells grown at 20 and 30?C. The ratio of saturated to unsaturated acyl chains in 
plasma membrane fractions increased considerably in cells grown at 209С, where 
around 75% of all acyl chains were saturated. The ratio of saturated to unsaturated 
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FIGURE 5. Cholesterol/phospholipid ratios (C/PL) in membrane fractions isolated from 
FHM cells. (A) C/PL for all five membrane fractions. (B) C/PL for the plasma membrane-rich 
fraction. (C) C/PL for the endoplasmic reticulum-rich fraction. 
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fatty acids was constant at around 55:45 іп cells grown at all other temperatures іп а 
range from 17 to 34°C (Figure 6). The increase in saturated fatty acids at 20°C was 
largely due to an increase in palmitic and stearic acid content. The high level of these 
fatty acids in membranes implies that a significant proportion of phospholipids in 
these membranes are disaturated, rather than the usual l-saturated, 2-unsaturated 
phospholipids. In the absence of cholesterol these species would form discrete gel do- 
mains in a native membrane. The increased cholesterol found in membranes of cells 
grown at 20°C would disrupt such gel domains. 

The changes described were not found in other membrane fractions isolated 
from the cells. They were also unique to cells grown at 20°C. Even though cells 
grown at 30°C also had higher cholesterol/phospholipid ratios than cells grown at 
temperatures other than 20°C, they did not contain increased levels of saturated 
fatty acids and indeed appeared to contain considerably higher levels of palmitoleic 
acid (16:1) than cells grown at other temperatures. Thus the two peaks of increased 
cholesterol content as a function of temperature are not associated with similar 
changes in acyl chain composition. 

The compositional data for FHM cells grown at different temperatures suggest 
that membrane lipids are organized in domains. We attempted to probe these do- 
mains by examining the behavior of a fatty acid spin label 3-doxyl palmitic acid as a 
function of temperature in cells grown at different temperatures. The order param- 
eter was an unbroken monotonic function of measurement temperature for all cells 
examined. However, the sensitivity of the order parameter to temperature change 
was least in cells grown at 20? and 30°C, presumably reflecting the averaging effect 
of cholesterol on order in membrane lipids (FrcunE 7). The order parameter reported 
for cells at the temperature of their growth is shown in FicurE 8. Contrary to some 
predictions it is not a constant, but decreases with increasing temperature. Thus if 
membrane enzymes require a constant or uniform lipid viscosity for function, at 
least some of these enzymes must be segregated in regions not probed by the spin 
label, or regions that are small, making little contribution to the signal, compared 
with the whole membrane. 

If membrane enzymes are affected by their lipid environment then, to the extent 
that they are about equally embedded in the bilayer, we expect their function to be 
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FIGURE 6. Proportions of (6-0) saturated and (О----О) unsaturated fatty acids in 
extracts of: (A) plasma membrane-rich and (B) endoplasmic reticulum-rich membranes (frac- 
tions 2 and 4 of Schimmel et а1,28), 
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FiGURE 7. Sensitivity to temperature of order parameter (Sp) reported by 3-doxylpalmitic 
acid in cells grown at: (a) 34?C, (b) 30?C, (c) 27?C, (d) 23?C, (e) 20?C, (f) 17?C. The slope 
of the regression line for cells grown at 20?C is significantly less than the slopes for all other 
lines except for cells grown at 30?C. 


affected by changes in membrane lipid composition. Accordingly we examined the 
activities of a number of enzymes of endoplasmic reticulum and plasma membranes. 
There was no striking variation with growth temperature in activity of cytochrome c 
reductase or glucose-6-phosphate dehydrogenase (assayed at 37?C). In contrast, 
plasma membrane enzymes assayed at 37?C varied significantly as a function of cell 
growth temperature. FIGURE 9 shows the variation in activity of 5'-nucleotidase and 
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FiGURE 8. Order parameter measured 
with 3-doxylpalmitic acid at the growth 
temperature of cells acclimated to growth 
between 17 and 34°С. 


Ю 20 30 40 
Growth Temperature (°C) 


Ficure 10 that of leucine aminopeptidase (LAP) as a function of temperature of cell 
growth. The peaks of LAP activity correspond to the peaks in membrane cholesterol 
content, while the 5'-nucleotidase activity is a maximum in cells grown at 30°C, but 
is not elevated in membranes from cells grown at 20°C. These data suggest that the 
two enzymes are in different lipid environments, one of which is affected by changes 
in membrane cholesterol content and the other of which is not. This indication was 
reinforced by an experiment in which cells were grown at 20°C in the presence of an 
inhibitor of cholesterol synthesis, 25-OH cholesterol. Activity was not increased in 
cells grown at 20°C in the presence of 25-OH cholesterol, but it was increased in cells 
grown at 20°C in the absence of 25-OH cholesterol. 

The compositional data and the comparison of the activities of two different 
membrane integral enzymes suggest that different protein components of the plasma 
membrane are sited in lipid domains of different composition. We were interested in 
examining the effects of lipid compositional changes on diffusion of membrane com- 
ponents and accordingly we measured lateral diffusion of membrane proteins la- 
beled with fluorescent Fab fragments of a rabbit anti-FHM antibody. Diffusion of 
the labeled molecules as a function of temperature of cell growth and of measure- 
ment is shown in FIGURE 11. It appears that the changes in membrane composition 
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Ficure 9. Specific activity of 5'-nucleoti- 
dase in cells acclimated to growth at various 
temperatures. Enzyme activity was measured 
by the method of Dixon and Purdom.?? 
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Ficure 10. Specific activity of leucine 
aminopeptidase in cells acclimated to growth 
at various temperatures. The enzyme was as- 
sayed by the method of Berger and Broida.** 
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with changes in cell growth temperature do not affect either the rate or the tempera- 
ture dependence of lateral diffusion of a selection of membrane proteins. This result 
is similar to that of Axelrod ef a/. who found that changes in membrane acyl chain 
composition had little effect on lateral diffusion of membrane proteins. It appears 
that whatever local heterogeneity there may be in lipid organization, it is not effec- 
tively sensed by proteins diffusing over a distance of a few micrometers. This may be 
because constraints to lateral diffusion are dominated by interaction of integral pro- 
teins with a cytoskeleton. However, the diffusion coefficients that we obtained for 
FHM proteins are about the same as those found for vertebrate rhodopsin.?*?5 It is 
about as high as expected for diffusion constrained only by lipid viscosity. Axelrod 
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Ficure 11. Lateral diffusion of membrane proteins labeled with Fab rabbit anti-FHM. 
Lateral diffusion was measured by fluorescence photobleaching and recovery (ЕРЕ).27 Тһе frac- 
tional recoveries for all cells at all temperatures were 40-50%. Lateral diffusion was inhibited 
by fixation with 5% paraformaldehyde. Diffusion coefficients were not affected by the presence of 
an excess of unlabeled antibody. Hence, binding of Fab fragments to the membranes is irreversible 
over the time course of the experiment. (6----Ө) cells grown at 34°C; (A- - -А) cells grown 
at 20°C. 
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and co-workers also found that there was little or no effect of changing membrane 
fatty acid composition on diffusion of a lipid-soluble probe.” Thus the most likely 
interpretation of our results is that the diffusing species do not probe regions whose 
lipid composition is altered during cell growth. We have not yet studied FHM cell 
membranes with the lipid probes that report a variety of environments in egg plasma 
membranes. 

In summary, our data on FHM cells are concordant with a view developing 
from measurements of the behavior of lipid probes in a number of plasma mem- 
branes. It appears that different components of the plasma membrane reside in dif- 
ferent lipid environments and that these differing environments can be detected in 
terms of differentials in the behavior of membrane enzymes as well as in differentials 
in the lateral diffusion of selected membrane probes. The evidence for membrane 
lipid heterogeneity continues to increase. А useful membrane model incorporating 
this heterogeneity has yet to be developed. 
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INTRODUCTION 


Although it is increasingly well recognized that membrane lipid fluidity is an im- 
portant determinant of membrane functions, a number of unresolved questions con- 
cerning lipid fluidity deserve serious consideration. To begin with, the very term 
“lipid fluidity” as applied to anisotropic bilayer membranes has been used in several 
senses by various authors. Many investigators have used it as a general term to ex- 
press the relative motional freedom of the bilayer lipid molecules or substituents 
thereof, combining in the one term concepts both of rate of movement (a dynamic 
component) and extent of movement (a component related to lipid structure and ex- 
pressed as an order parameter, which characterizes the degree to which movement is 
hindered). When assessed by steady-state fluorescence polarization of lipid flu- 
orophores in bilayer membranes, this usage amounts to quantifying “lipid fluidity” 
via the fluorescence anisotropy, 7, without further resolution of the components that 
determine 7. Studies with 1,6-diphenyl-1,3,5-hexatriene (DPH), for example, have 
demonstrated that rotations of this rodlike fluorophore in natural and artificial bi- 
layer membranes аге hindered'-* and can be described by the relationship 


r= Го + (re — re) [te/(te + TH], 


where г is the limiting hindered anisotropy observed after relatively long time inter- 
vals in time-resolved anisotropy decay experiments, Го is the maximal limiting aniso- 
tropy, Te is the correlation time, and rr is the excited-state lifetime.** Heyn and Jah- 
nig® suggest that the term fluidity be applied only in reference to тс, i.e., to rates of 
rotation, whereas г» is related to an order parameter, 5, where S = (r«/ro)^. Van 
Blitterswijk et а!.,7 on the other hand, propose that for ОРН studies, at least, the pa- 
rameter re is a useful index of “fluidity.” For many biological applications changes in 
r owing to changes in Te, Го, ог both are of significance, and a general term is needed 
for such alterations. It seems reasonable to use the term "lipid fluidity" to designate 
motional freedom in this broad sense and to characterize further the relative contri- 
butions of the dynamic component and order parameter whenever possible. 

A second important issue in relation to membrane lipid fluidity is the heteroge- 
neous lipid composition of most biological membranes. The human erythrocyte 
membrane has been particularly well studied in this respect and it is clear that the 
outer and inner leaflets differ in their composition.*? In these cells, as well as in a 
number of other cell types, the outer leaflet is relatively rich in phosphatidylcholine 
and sphingomyelin, whereas the inner leaflet contains most of the phosphatidyletha- 
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nolamine and essentially all of the phosphatidylserine. Given this characteristic pat- 
tern of asymmetry in composition, a number of investigators have sought to estab- 
lish whether it implies a corresponding asymmetry of fluidity. The initial results of 
such studies did provide evidence for asymmetry of fluidity, but the results were not 
entirely consonant. Rottem”? studied electron-spin resonance (ESR) spectra of spin- 
labeled stearic acid probes in Mycoplasma hominis and Acholeplasma laidlawii and 
concluded that the outer leaflet is more fluid in each species. Wisnieski and Iwata" 
compared a nitroxide derivative of decane, which is capable of “flip-flop” across the 
bilayer, with a glucosamine derivative of stearic acid 12-nitroxide, which is restricted 
in its ability to flip. Studying plasma membrane preparations derived from mouse 
LM cells and embryonated chick cells (Newcastle disease virus envelopes), they too 
concluded that “the outer membrane monolayer is probably less rigid than the inner 
monolayer.” A similar conclusion for the LM cell plasma membrane was reached by 
Schroeder, who used selective quenching of the outer leaflet fluorescence of 
f-parinaric acid. In contrast to the foregoing studies, however, Tanaka and Ohni- 
shi? concluded from ESR studies of human erythrocytes with spin-labeled phospho- 
lipids that there is *a more rigid phosphatidylcholine bilayer phase," presumably in 
the outer leaflet of this cell. 

To examine further the question of fluidity asymmetry, to provide new fluores- 
cent probes for assessing the fluidity of each hemileaflet of the human erythrocyte 
and other cells, and to develop fluorophores that localize and report selectively from 
the outer hemileaflets of intact cells, we initiated the synthesis of a class of 
"MIMAR" probes of the general structure MIM-a-R, where MIM is a membrane-im- 
permeant moiety, a is a connecting arm, and R is a lipid-soluble fluorophore. We de- 
scribe below studies with the first group of these fluorophores, all of which are deriv- 
atives containing pyrene as the R group. 


IMPERMEANT PYRENE DERIVATIVES 


FIGURE 1, taken from Cogan and Schachter," illustrates the structures of five 
impermeant derivatives of pyrene. Three compounds have an oligosaccharide as the 
membrane-impermeant group and two fluorophores utilize the tripeptide gluta- 
thione. Variation in the length of the connecting arm of the glutathione derivatives 
makes it possible to probe different depths of the leaflet. Details of each synthesis 
and purification have been reported.'^ The oligosaccharide derivatives are prepared 
by enzymatic oxidation of the C-6 primary alcohol group of the terminal galactose 
residue in lactose, raffinose, or stachyose. Oxidation to an aldehyde permits subse- 
quent reaction with pyrenebutyryl hydrazide (PBH) to form a Schiff's base, which is 
reduced with NaBH,. The products are purified by thin-layer chromatography and 
high-pressure liquid chromatography. The glutathione derivative with a short con- 
necting arm, glutathione-pyrene I (GS-PI), is obtained by reaction of reduced gluta- 
thione and N-(1-pyrenyl)maleimide at pH 7. The longer connecting-arm derivative, 
glutathione-pyrene П (GS-PII), is prepared by reaction of glutathione-maleimide [1$ 
with an excess of ethanedithiol and subsequently with pyrenylmaleimide. The gluta- 
ш derivatives are purified by preparative thin-layer chromatography on silica gel 
plates. 

Two experimental methods have proved feasible in applying the foregoing im- 
permeant fluorophores to the estimation of hemileaflet fluidity. In the first proce- 
dure intact human erythrocytes and leaky ghost membranes prepared from them are 
incubated with the probes, and the fluorescence anisotropy of the cell suspensions 
(outer leaflet loaded) and ghosts (both leaflets loaded) compared. Despite the pres- 
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A. Oligosaccharide Derivatives 
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FIGURE 1. Structures of five impermeant derivatives of pyrene. (From Cogan & Schachter.'^ 
With permission from Biochemistry.) 


ence of hemoglobin in the cell suspensions, satisfactory fluorescence measurements 
are possible when the packed cell volume is less than approximately 0.05% .:5 Correc- 
tions for scattering are routinely made using controls that lack the probe. Moreover, 
inasmuch as the excitation and emission spectra of the pyrene fluorophore overlap 
significantly, concentration-dependent quenching of the fluorescence anisotropy oc- 
curs and it is necessary to monitor the molar ratio of probe to lipid in the bilayer in 
comparative studies. We do this by dissolving the membrane suspensions in 1% (w/ 
vol) sodium dodecyl sulfate and estimating total fluorescence with reference to inter- 
nal standards added incrementally to each sample. The second procedure to assess 
hemileaflet fluidity also begins with loading intact erythrocytes (outer leaflets) and 
ghost membranes (both leaflets). After washing the loaded cells, however, the eryth- 
rocytes are lysed osmotically and washed ghost membranes prepared and maintained 
at 2-5°C until the fluorescence anisotropy is determined. Under these conditions the 
outer leaflet localization of the cell-loaded preparations is largely maintained for a 
period of hours, and as shown in TABLE 1,!* the fluorescence anisotropy values ob- 
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TABLE 1 


FLUORESCENCE ANISOTROPY STUDIES OF ERYTHROCYTE- 
LOADED AND GHOST-LOADED MEMBRANES 


Preparation Fluorescence Anisotropy 
Derivative Procedure Tested No. (r) p 
Glutathione- 1 intact RBC 2 0.091 + 0.001 
pyrene I ghosts 3 0.147 + 0.003 <0.001 
2 RBC-loaded 10 0.107 + 0.005 
membranes 
ghost-loaded 10 0.137 + 0.004 <0.001 
membranes 
Glutathione- 1 intact RBC 3 0.044 + 0.002 
pyrene II ghosts 3 0.089 + 0.005 <0.02 
2; RBC-loaded 24 0.048 + 0.001 
membranes 
ghost-loaded 24 0.074 + 0.002 <0.001 
membranes 


Values are means + standard error. Anisotropy values were determined at 25°C. 


tained with both procedures above agree well. The particular advantage of the sec- 
ond procedure is that the final membrane suspensions are more comparable and 
have experienced similar preparations, including osmotic lysis. Hence differences be- 
tween the outer and inner leaflet fluorescence anisotropy cannot be ascribed to the 
procedure itself. 

The values іп TaBLE 1 demonstrate a marked difference in fluorescence anisot- 
ropy between the hemileaflets. This difference was confirmed with all five imper- 
meant derivatives and related further to an asymmetry of lipid fluidity by estimation 
of the excited-state fluorescence lifetimes and calculation of the apparent correlation 
times, assuming no limiting hindered апіѕоїгору.:* As shown in TABLE 2, the correla- 
tion times indicate that the outer leaflet is considerably more fluid than the inner. It 
is noteworthy that the total probe taken up is considerably less in intact cell-loaded 
(outer leaflet) preparations as compared to ghost-loaded suspensions (both !eaflets). 
Hence the latter yield fluorescence signals that originate mainly from the inner leaf- 
let. The values in TABLES | and 2 also indicate that the membrane microenvironment 
of glutathione-pyrene I, which has a relatively short connecting arm, is less fluid than 
that of the remaining probes. This is consistent with the well-documented fluidity 
gradient of bilayer membranes, in which regions close to the aqueous interfaces are 
less fluid than those in the hydrophobic core. 

The foregoing anisotropy observations characterize hemileaflet fluidity in rela- 
tion to the rotational diffusion of the pyrene substituent. We were also able to evalu- 
ate the short-range lateral diffusion of the fluorophore by the estimation of excimer 
fluorescence.'^ When erythrocyte-loaded (outer leaflet) and ghost-loaded (mainly in- 
ner leaflet) suspensions of ghost membranes were examined, the excimer/monomer 
ratio was considerably higher in the outer leaflet, indicative of greater fluidity and in 
agreement with the fluorescence anisotropy studies. This result was obtained with 
glutathione-pyrene П and the lactose, raffinose, and stachyose derivatives of pyrene- 
butyryl hydrazide. (Glutathione-pyrene I yielded insufficient excimer for 
estimation. ) 

As controls for these experiments with impermeant pyrene derivatives, similar 


Schachter ег al.: Lipid Fluidity 23 


TABLE 2 


APPARENT CORRELATION TIMES OF IMPERMEANT PYRENE DERIVATIVES IN 
ERYTHROCYTE-LOADED AS COMPARED TO GHOST-LOADED MEMBRANES 


Apparent Correlation Time, 


те (nsec) 

Probe No. RBC-loaded (a)  ghost-loaded (b) p Ratio (b)/(a) 
Glutathione-pyrene I 6 75 == 20) 311 + 34 <0.01 1.8 
Glutathione-pyrene П 10 ОО) am jl (128-5 «0.001 2240) 
Lactose-pyrenebutyryl 

hydrazide 4 28} se || 40 = 1 <0.001 1.7 
Raffinose-pyrenebutyryl 

hydrazide 6 iy ae 2 22 чь 2 <0.001 1.9 
Stachyose-pyrene- 

butyryl hydrazide 4 AS sm Il 2 se 2) «0.001 2.1 


Values are means + standard errors. Estimations were at 25°C. Correlation times are 
calculated assuming Г» = 0. 


studies were carried out with membrane-permeant compounds, i.e., pyrene and py- 
rene decanoic acid. In contrast to the results with the impermeant probes, the fluo- 
rescence anisotropy and excimer/monomer intensity ratio observed with erythro- 
cyte-loaded as compared to ghost-loaded membrane suspensions did not differ sig- 
nificantly when tested with fluorophores that can flip from one leaflet to the other. 

Since a single fluorophore, such as pyrene, might partition preferentially into 
selected microdomains within each leaflet, we examined further the asymmetry of 
fluidity in erythrocytes by using a number of permeant lipid fluorophores: 
1,6-diphenyl-1,3,5-hexatriene, 2-(9-anthroyloxy)stearate, 12-(9-anthroyloxy)stea- 
rate, and pyrene decanoic асіа.!• Advantage was taken of nonradiative energy trans- 
fer from a lipid fluorophore donor to heme acceptors at the endofacial (inner) sur- 
face. Since the efficiency of nonradiative energy transfer varies inversely with the 
sixth power of the distance between donor and acceptor, nonradiative energy trans- 
fer is expected to shorten the mean lifetime of donor fluorophores in the membranes 
of intact erythrocytes. Moreover, in intact cells the excited-state lifetime of the inner 
leaflet fluorophores should be shortened to a greater extent than that of the outer 
leaflet probes, and the fluorescence observed should represent disproportionately the 
outer leaflet fluorophores. Accordingly, we compared the fluorescence anisotropy 
and mean lifetimes observed for each of the above lipid fluorophores in intact eryth- 
rocytes and in lysates.'® For example, for 2-anthroyloxystearate we could calculate 
that in lysates (fluorescence from both leaflets) the correlation time at 25°C was 7.5 
nsec. On the assumption that this value obtains also for fluorescence from the intact 
cell suspensions (fluorescence mainly from the outer leaflet), we calculated an ex- 
pected fluorescence anisotropy value of 0.163 for the intact cell suspensions. The an- 
isotropy observed, however, was 0.154, significantly lower than the predicted value 
(p < 0.005); and similar findings were obtained with all four fluorophores. The re- 
sults clearly contradict the assumption of identical motional freedom in the two leaf- 
lets and support the foregoing conclusion that the outer leaflet is more fluid than the 
inner. 

What is the physiological significance of the asymmetry of hemileaflet fluidity? 
We have no clear answer as yet, but it has been possible to detect selective perturba- 
tions of hemileaflet fluidity and to begin an exploration of the effects of such pertur- 
bations on various membrane proteins and their associated functions. 
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TABLE 3 


FLUORESCENCE ANISOTROPY OF STACHYOSE-PYRENEBUTYRYL HYDRAZIDE IN 
MEMBRANES OF ERYTHROCYTE-LOADED AND GHOST-LOADED ACANTHOCYTES 


Fluorescence Anisotropy (24°C) 


Subject Erythrocyte-loaded Ghost-loaded 
Patient M. S. 0.025 0.031 
Normal A. C. 0.020 0.030 
Patient M. S. 0.016 0.027 
Normal P. S. 0.012 0.028 
Patient A. M. V. 0.014 0.019 
Normal P. Y. 0.011 0.019 


Patients’ values differ significantly (p < 0.02) from paired normal control values for erythrocyte- 
loaded membranes only. 


GENETIC AND EXPERIMENTAL PERTURBATIONS CAN ALTER 
HEMILEAFLET FLUIDITY SELECTIVITY 


A congenital human disease (acanthocytosis, or congenital abetalipoprotein- 
emia) and an experimental procedure (modification of the erythrocyte-membrane 
cholesterol content) can alter the fluidity of the outer hemileaflet selectivity." Acan- 
thocytosis is characterized by abnormally shaped erythrocytes whose membranes 
contain increased sphingomyelin,'* and prior studies with diphenylhexatriene had 
shown that the fluidity of the membrane lipid as a whole is decreased.'5* To exam- 
ine the fluidity of the individual hemileaflets, studies with stachyose-pyrenebutyryl 
hydrazide were performed as described in the preceding section, in order to compare 
erythrocyte-loaded and ghost-loaded membrane suspensions. The results in TABLE 3 
show that patient's cells yielded higher anisotropy values than did normal cells, but 
only in the erythrocyte-loaded preparations, indicative of decreased fluidity in the 
outer leaflet alone. This result is consistent with the known increase in sphingomye- 
lin content of these cells, inasmuch as sphingomyelin is located primarily in the outer 
leaflet of the erythrocyte membrane*? and has been shown to decrease the fluidity of 
lipid bilayer membranes.'* The acanthocyte thus provides an example of a cell al- 
tered by disease so that the normal asymmetry of leaflet fluidity is considerably dim- 
inished. Given the evidence that changes in the composition of one hemileaflet in re- 


TABLE 4 


EFFECTS OF CHOLESTEROL ENRICHMENT AND DEPLETION ON HEMILEAELET 
FLUIDITY ASSESSED WITH STACHYOSE-PYRENEBUTYRYL HYDRAZIDE 


% Change in Anisotropy Parameter* 
of Stachyose-Pyrenebutyryl Hydrazide 


Preparation Erythrocyte-loaded p Ghost-loaded p 
Cholesterol enriched 442.0 (<0.005) —3.9 (n.s.) 
Cholesterol depleted — 14.4 (<0.05) =. (<0.01) 


Values are means + standard errors for six different blood samples.'?, 
* The anisotropy parameter is defined as [(ro/r) — ІТ! and varies with the correlation time. 
p values are for differences from control (unmodified) cells. 
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lation to the other may underly many abnormalities of erythrocyte cell shape,?? it is 
reasonable to relate the unusual shapes of acanthocytes to the selective hemileaflet 
change. 

Our studies with stachyose-pyrenebutyryl hydrazide have also demonstrated 
that modification of the cholesterol content of the erythrocyte membrane can alter 
hemileaflet fluidity selectively.'" In particular, cholesterol enrichment leads to de- 
creased fluidity in the outer leaflet alone (TABLE 4). Cholesterol depletion, on the 
other hand, increases the fluidity mainly of the inner leaflet, with a smaller reduction 
in the outer leaflet. These results indicate that modulation of membrane cholesterol 
can provide an experimental tool for exploring the effects of hemileaflet fluidity on 
membrane protein organization and function. 


HEMILEAFLET FLUIDITY AND ERYTHROCYTE MEMBRANE PROTEINS 


The working hypothesis we have adopted is that alterations of the lipid fluidity 
of a specific hemileaflet can lead to changes in organization and/or function of those 
proteins associated with that leaflet. Inasmuch as the effects of cholesterol modifica- 
tion on erythrocyte-membrane proteins have been studied by a number of labora- 
tories, ours included, it is possible to make an initial test of the hypothesis by an 
analysis of data already published. 

The reactivity of erythrocyte-membrane protein sulfhydryl groups at the exofa- 
cial and endofacial surfaces of the membrane, respectively, was examined systemat- 
ically in relation to cholesterol enrichment and depletion several years ago.?' The 
studies were performea by alkylating either intact erythrocytes (outer surface only) 
or leaky ghost membranes (both surfaces) with a membrane-impermeant sulfhydryl 
reagent, ["5S]glutathione-maleimide.'*?! These assays provide sulfhydryl group titers 
for each surface separately, and the values can be related to cholesterol enrichment 
or depletion. The results in TABLE 5 show that the exofacial sulfhydryl group titer 
(intact cells alkylated) was significantly affected only by cholesterol enrichment (p < 
0.0025), with no significant effect of cholesterol depletion. TABLE 6, on the other 
hand, presents data to show that the endofacial sulfhydryl group titer (ghost mem- 
branes alkylated; ~95% of the total surface sulfhydryl groups is endofacial'^) is 
affected mainly by cholesterol depletion, with a much smaller effect of cholesterol 
enrichment. Thus the changes in sulfhydryl group titers support the working hy- 
pothesis. 

In these studies we were also able to assay the incorporation of [°*S]glutathione- 
maleimide into specific membrane proteins, using sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis to resolve the proteins labeled by alkylation of ghost mem- 


TABLE 5 


EFFECTS OF CHOLESTEROL MODIFICATION ON EXOFACIAL SULFHYDRYL 
TITERS OF INTACT ERYTHROCYTES 


Cholesterol/Phospholipid Sulfhydryl Labeled 


Molar Ratio (nmol/mg protein) % Change from Control p 
0.95 (control) 3.0 

0.67 (depleted) 2.9 —3 n.s. 
1.19 (enriched) 25 -15 <0.0025 


Values are means for six different preparations labeled with [°*S]glutathione-maleimide.”* 
р values are based on paired f tests. 
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TABLE 6 


EFFECTS OF CHOLESTEROL MODIFICATION ON MEMBRANE SULFHYDRYL 
TITERS OF GHOST MEMBRANES 


Cholesterol/Phospholipid Sulfhydryl Labeled 


Molar Ratio (nmol/mg protein) % Change from Control р 
0.95 (control) 104 + 11 

0.67 (depleted) TO ак JUI - 33 <0.01 
1.19 (enriched) 115 + 10 +11 <0.05 


Values are calculated from published data? and are means + standard error. The sulfhydryl 
group titers are essentially endofacial titers, since ~95% of the membrane surface sulfhydryl 
groups is endofacial.*® 


branes. The specific radioactivity of each major Coomassie brilliant blue-stained 
band was quantified by autoradiography and densitometry! and the results are listed 
in TABLE 7. Spectrin, actin, and glyceraldehyde-phosphate dehydrogenase are local- 
ized at the endofacial surface, and the values in TABLE 7 show that alkylation of these 
polypeptides was influenced significantly by cholesterol depletion but not by choles- 
terol enrichment. (It is noteworthy that cholesterol depletion decreased the sulf- 
hydryl group reactivity of spectrin, actin, and Band 3, but increased the reactivity of 
glyceraldehyde-phosphate dehydrogenase). The anion transport protein, Coomassie 
brilliant blue-stained Band 3, spans both leaflets of the membrane, but the sulf- 
hydryl groups labeled in this protein are mainly at the endofacial surface.!5 In this 
protein cholesterol depletion decreased the sulfhydryl group alkylation by 42.9% 
(p < 0.025), whereas cholesterol enrichment increased the alkylation by only 11.4% 
(р < 0.05). Thus, the working hypothesis is again supported —endofacial proteins 
and their substituents are affected primarily by cholesterol depletion and not at all, 
or very little, by cholesterol enrichment. 

The counterparts to the endofacial proteins are the exofacial polypeptides, such 
as the major Rh, (D) antigen. Several years ago we titered these exofacial sites in cho- 
lesterol-modified cells, using ['?5I]anti-D antibodies,” and those results were used to 
calculate the values in TABLE 8. Here, cholesterol enrichment increased the titer of 


TABLE 7 


EFFECTS ОЕ CHOLESTEROL MODIFICATION ON SULFHYDRYL REACTIVITY 
OF INDIVIDUAL MEMBRANE PROTEINS 


% Change in mols Sulfhydryl 
Groups Labeled per mol Protein 


: Coomassie Cholesterol Cholesterol 
Protein Brilliant Blue Band Depletion Enrichment 
Spectrin 122 - 2/76) +6.1 

(р < 0.02) (ns) 
Actin 5 — 34.7 +5.4 
| (р < 0.005) (ns) 
Anion transport 3 — 42.9 +11.4 
(p < 0.025) (р < 0.05) 
Glyceraldehyde-phosphate 6 + 50.0 =.) 
dehydrogenase (p < 0.025) (ns) 


Mean values calculated from Borochov ef al.” p values are based on paired £ tests. 
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TABLE 8 


EFFECTS ОЕ CHOLESTEROL MODIFICATION ON THE Вно (D) ANTIGENIC SITES 
ON THE EXOFACIAL SURFACE OF THE HUMAN ERYTHROCYTE 


[2 апи-Кһ, (D) Binding Titer Apparent Ка of Binding 


Cholesterol/phospholipid % Difference % Difference 
Molar Ratio Sites/Cell from Control Molar from Control 
0.9 + 0.1 (control) 5,000-6,000 2S Se NOP 

0.6 + 0.1 (depleted) 3,000-3,500 -41 loy 55 jar — 32 
1.5 + 0.1 (enriched) 12,000-14,000 + 136 5.0 x 107% +100 


Values are calculated from the results of Basu et а/.22 


exofacial sites by 136% and the apparent Ка of binding by 100%. By comparison, 
cholesterol depletion decreased the titer by only 41% and the apparent Ka by 32%. 
Thus a protein associated with the outer leaflet is influenced mainly by cholesterol 
enrichment, again in conformity with the working hypothesis. 

Additional observations on certain functional proteins, which are not yet as well 
characterized as the polypeptides mentioned above, also suggest that selective altera- 
tions of hemileaflet fluidity can influence specific functions. For example, the facili- 
tated diffusion of p-glucose across human erythrocyte membranes is mediated by a 
trans-membrane polypeptide of molecular weight "455,000 and possibly other pro- 
teins.?- Recently we have observed that the half-saturation concentration of 
p-glucose binding to ghost membranes is significantly increased by cholesterol en- 
richment but not by cholesterol depletion. In view of the working hypothesis de- 
veloped above, it is reasonable to propose that the glucose-transport mechanism is 
sensitive to a change in fluidity of the outer leaflet specifically, possibly because a 
rate-limiting transport event occurs in that locale. 


SUMMARY AND CONCLUSIONS 


The impermeant fluorescent probes (MIMAR reagents) described here permit 
the assessment of the lipid fluidity of individual membrane hemileaflets. They should 
also prove useful for examining the outer hemileaflets of the plasma membranes of 
intact cells. The observations, thus far, that normal human erythrocyte membranes 
have a characteristic asymmetry of fluidity, with the outer leaflet more fluid, corre- 
spond to prior findings with Mycoplasma,'? Newcastle Disease viral envelopes," and 
mouse LM сей5.!!-12 Hence, it is possible that the pattern is quite general in biological 
membranes. The particular lipid and protein components of the human-erythrocyte 
membrane that underly the fluidity asymmetry are unknown. The increased content 
of phosphatidylcholine in the outer leaflet and of the anionic phospholipids in the in- 
ner leaflet would be consonant with the fluidity difference. On the other hand, 
sphingomyelin, which tends to decrease fluidity, is localized mainly in the outer leaf- 
let. Unknown at present is whether the cholesterol content of the two leaflets differs. 
From the results reported above, it is tempting to speculate that exogenously added 
cholesterol tends to localize in the outer leaflet, normally the more fluid leaflet, 
whereas endogenous cholesterol is more readily removed from the inner leaflet. This 
suggests, but clearly does not establish, that in the normal erythrocyte the cholesterol 
content of the inner leaflet exceeds that of the outer. Lastly, integral membrane pro- 
teins are expected to decrease lipid fluidity, and the usual pattern seen on freeze-frac- 
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ture of large numbers of intra-membranous particles on the cytoplasmic face may 
signify a greater influence of protein in the inner leaflet. 

The hypothesis that perturbations of the fluidity of a given hemileaflet influence 
the membrane proteins (and their associated functions) in that leaflet is well-sup- 
ported by the evidence described above. On the other hand, we understand less well 
the mechanisms by which lipid fluidity influences the proteins. For example, the de- 
crease in sulfhydryl group reactivity of spectrin, actin, and Band 3 owing to choles- 
terol depletion (TABLE 7) may be due to a physical displacement of these proteins, as 
suggested by Borochov and Shinitzky.?* Why then does the reactivity of glyceralde- 
hyde-phosphate dehydrogenase sulfhydryl groups increase under these conditions? 
There remains much to learn about membrane molecular mechanics and lipid-pro- 
tein interactions. In such studies the impermeant MIMAR probes described here 
should prove useful. 
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MODIFICATION OF CELL MEMBRANE COMPOSITION 
BY DIETARY LIPIDS AND ITS 
IMPLICATIONS FOR ATHEROSCLEROSIS 


Fred A. Kummerow 


Burnsides Research Laboratory 
University of Illinois at Urbana-Champaign 
Urbana, Illinois 61801 


Modification of cell membrane composition has been considered a causative 
factor in the development of many diseases, including atherosclerosis. Membranes 
consist primarily of protein and lipid (phospholipids and cholesterol), and secondar- 
ily of carbohydrate. Membranes are essential cellular components that envelop the 
cell and divide it into various functional compartments. They maintain a permeabil- 
ity barrier between these compartments, transmit information, and allow the selec- 
tive movement of nutrients across them. The phospholipids, through the hydro- 
phobic character of the fatty acids attached to them, constitute the predominant 
structural element of membranes and impart to them an impermeability to hydro- 
philic molecules. The carbohydrate groups are attached to lipids or proteins and are 
localized mainly at the cell surface. They play a vital structural role in determining 
receptor and antigenic sites. Proteins may be either peripherally associated with 
membranes or may be an integral component whereby they usually span the mem- 
brane. They function as recognition or catalytic sites. A change in any of these essen- 
tial structural components may precipitate a disease process. Increasing significance 
is now being attached to the role of membrane lipids, both directly in influencing 
membrane properties and indirectly through their effect on membrane proteins. 

In our laboratory we are primarily concerned with the role of dietary lipids in 
nutrition and their possible role in initiating disease processes, particularly athero- 
sclerosis. The molecular mechanisms underlying the changes inflicted by these di- 
etary lipids all appear to involve membrane-related phenomena and in many cases 
may stem from their incorporation into membranes. In this presentation I will relate 
possible membrane changes due to dietary fatty acids, oxidized sterols, or vitamin D. 


MEMBRANES AND DISEASES 


In view of the important functions of membranes, it is not surprising that al- 
tered functions are being linked to the initiation and development of disease pro- 
cesses, and serving as diagnostic evidence of these processes. Іп TABLE 1, I have 
ranked diseases in order of causes of death and have related these diseases to mem- 
brane functions that have been proposed to be involved. The numerical references 
(1-40) listed in each column are examples of articles that have examined the associa- 
tion of these diseases with membrane functions. This list is very superficial and it is 
very likely that a more exhaustive search of the literature would enable each box to 
be filled. 

I have divided the areas of research on cell membranes in the disease process 
into two functional spheres of influence: the functions related to the protein compo- 
nents of the membrane and the functions related to the lipid phase of the membrane. 
The glycoproteins attached to the cell membrane could be considered to function as 
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antigenic sites and, in intracellular communications, as receptors for hormones and 
growth factors. Receptor sites may be linked to membrane-bound enzymes or trans- 
port proteins and may be endocytosed. The lipid phase is the main structural entity 
of the membrane and provides the permeability barrier to compartmentalize cellular 
components. It may play a key role in membrane fusion and membrane permeability 
as well as influencing the activity of membrane-bound proteins. These two spheres-of 
influence seem to overlap or commingle so that their specific involvement in the dis- 
ease process cannot be differentiated without further study. 

An example of the involvement of the cell surface in membranes is provided in 
studies on cancer as well as heart disease. Membranes contain in their surface coats 
communication systems that keep the individual cells in a tissue or organ functioning 
in a cooperative manner. The communication system recognizes neighboring cells 
and constrains the capacity of cells to proliferate. This system may involve the glyco- 
lipids and glycoproteins that are attached to the cell surface. Wallach? has pointed 
out that malignant cells do not appear to complete the carbohydrate components of 
their glycolipids and may thus develop an incomplete communication system allow- 
ing their uncontrolled proliferation.'? Some investigators?’ ?? believe that the devel- 
opment of an atherosclerotic plaque results from the migration of medial smooth 
muscle cells into the intima, most likely in response to a chemoattractant, such as 
platelet-derived growth factor. This would involve a surface interaction between the 
growth factor and receptor. Lipid accumulation in these migrated smooth muscle 
cells may then result from receptor-mediated endocytosis of low density lipoproteins 
and the inability of the cells to metabolize the cholesterol in low density lipoproteins. 
However, factors other than an excessive amount of cholesterol may be crucial to the 
development of atherosclerosis, as I will discuss later. The cell surface also seems to 
be involved in abnormalities of the red blood cell, including sickle cell anemia*? and 
muscular dystrophy.?:!? 

The linkage of membranes to disease has encountered three difficulties. One, 
significant change in membrane properties may be difficult to detect because of the 
lack of morphological change accompanying the functional change, and the diffi- 
culty in technically measuring some membrane properties. Two, isolating the mem- 
brane in a pure form that reflects its іл vivo functional properties is sometimes diffi- 
cult. Three, it is often not clear whether a change in membrane properties is a result 
of the disease, or whether it truly represents an active role in the initiation and pro- 
gression of the disease. The application of magnetic resonance, fluorescence polar- 
ization, laser technology, electron microscopy, and other sophisticated techniques to 
this question, as is evident from other contributions to this volume, may clarify these 
issues. 


FATTY ACIDS AND STEROLS IN MEMBRANE FUNCTION 


The fatty acids that are acylated to glycerol in phospholipids are key structural 
elements in membranes. Much smaller amounts of fatty acids are esterified to other 
lipid classes or to proteins, or exist free in the membrane. To form a membrane the 
fatty acid hydrocarbon chain must be of a length within certain limits, generally con- 
taining between 12 and 24 carbon atoms. Biological membranes in general contain 
acids with 16, 18, or 20 carbon atoms. Sphingomyelin contains a large percentage of 
fatty acids, 24 carbon atoms in chain length, and retinal membranes contain a large 
percentage of C22:6, indicating that in some instances longer chain acids are impor- 
tant to membrane structure. This range of fatty acids creates membranes with a re- 
stricted bilayer thickness. Recent experiments with a purified membrane protein, the 
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sarcoplasmic reticulum Ca?*-A TPase, reconstituted in liposomes of different compo- 
sition, indicated that optimal activity was obtained when the membrane phospholip- 
ids contained fatty acids with 20 carbon atoms.*! This reflects the functional impor- 
tance of acyl chain length and the resultant bilayer thickness, for optimal enzymatic 
activity. 

Fatty acid unsaturation is another key factor related to membrane function. Its 
principal effect appears to be to create fluid environments in the membrane so that, 
proteins and lipids can diffuse in the plane of the membrane, and protein can un- 
dergo a conformational change during interaction with a ligand, substrate, or ef- 
fector. Experiments with model membranes, fatty acid auxotrophs of Е. coli, and 
cultured cells іп vitro, have shown that fatty acids can influence phase-transition 
temperatures of membrane lipids and the activities of membrane-bound enzymes 
and transport proteins.‘ 

A factor, which has largely been ignored to date is the presence of isomeric fatty 
acids in the phospholipids isolated from human heart, aorta, and liver tissue, pre- 
sumably as structural components of their biological membranes.^^^5 Isomeric fatty 
acids are present in hydrogenated fats that have been introduced into the food chain 
as shortenings and margarine as a replacement for lard, tallow, and butter, and are 
present in a wide variety of food products. They are produced by catalytic hydrogen- 
ation of vegetable or fish oils. In the process there is a migration of some double 
bonds along the acyl chain in unsaturated fatty acids, producing positional isomers 
of cis orientations. Geometric isomers of trans orientations may also form during the 
regeneration of double bonds during hydrogenation. 

The double bond in positional isomers of monoenoic acids may range from the 
A6 to the A13 position with the A9, A10, and A11 being the main isomers.** Small per- 
centages of isomers of dienoic acids may also be produced. Isomerization changes 
the spatial configuration so that the trans form of oleic acid (elaidic) acid displaces a 
greater area than stearic acid but less than oleic acid (FicureE 1). This change in 
spatial configurations and the tighter packing of trans monoene acyl chains com- 
pared with cis monoene acyl chains is also reflected in their melting points. Thus, 
elaidic acid has a melting point as well as a molecular volume intermediate between 


FIGURE 1. Spatial configuration of 
stearic (S) (m.p. 69°C), elaidic (E) (trans) 
(52°C), and oleic (O) (cis) (14°C) acids. 
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those of stearic and oleic acids. The influence of these isomeric fatty acids on mem- 
brane function remains to be clarified. 

Enzymes, which have to discriminate between fatty acids based on precise posi- 
tions and geometric forms of double bonds are, understandably, somewhat confused 
by these isomers so that acyltransferases treat monoenoic trans unsaturated isomers 
in amanner similar to saturated fatty acids and insert them at the a-position of phos- 
pholipids. It has been shown by Lands et а/.4748 that the monoenoic trans form usu- 
ally replaces a saturated fatty acid at the a-position and Kinsella ег a/.*? have shown 
that dienoic trans, trans form can replace dienoic cis,cis form at the B-position. Posi- 
tional isomers are not good substrates for desaturases, although there are reports 
that linoelaidic acid can be elongated and desaturated to form a 20:4 isomeric fatty 
acid.*? 

Cholesterol is the predominant sterol in animal cell membranes and its main 
functional role identified to date appears to be in the modification of the motional 
freedom of fatty acyl сһаіпѕ.5!:°2:9 When added to membranes consisting of lipids 
with a gel-like molecular arrangement, it increases their motional freedom. Con- 
versely, it reduces the mobility of acyl chains in a fluid state.5? Structural features of 
cholesterol required to produce this effect include a 3)-ОН group, a planar steroid 
nucleus, and an isoprenoid side-chain of precise length and saturation. 


THE INFLUENCE ОЕ DIETARY FATTY ACIDS AND STEROLS ON MEMBRANE FUNCTION 
AND ITs RELATIONSHIP TO ATHEROSCLEROSIS 


Fatty Acids 


As indicated in TABLE 1, atherosclerosis and arteriosclerosis, the causes of cor- 
onary heart disease and strokes, respectively, are the number one cause of death in 
practically every technologically advanced country in the world. The relationship of 
dietary fatty acids to coronary heart disease has been considered from two major 
perspectives: the extent of fat in the diet and the saturation of the dietary fatty acids. 
Other considerations involving dietary fatty acids include the presence of іѕотегѕ,°* 
the oxidation of polyunsaturated acids, and the presence of long chain fatty acids, 
such as erucic acid. 

The major concern of clinical investigators has been the effect of saturation of 
dietary fats on serum cholesterol levels. There may be a correlation between serum 
cholesterol and coronary heart disease, but, to date, there has been no causative rela- 
tionship linking dietary cholesterol levels with heart disease. As I will discuss in 
greater detail later, the lack of relationship has been shown in experiments where cal- 
cium blockers and antagonists, such as lanthanum?'?* and nifedipine,?? prevented 
the appearance of extensive lesions in animals fed an atherogenic, cholesterol-rich 
diet. Rabbits in these experiments had serum cholesterol levels in excess of 2,000 mg/ 
100 ml serum. 

The direct effect of the saturation of dietary fatty acids on the properties of ar- 
terial cell membranes has largely been ignored. It has been proposed that alterations 
in membrane fluidity may underlie the development of artherosclerosis.??:5? These 
proposals have centered on variations in membrane cholesterol as being the critical 
factor influencing membrane fluidity. Equally, however, a change in membrane 
fatty acid saturation could affect membrane fluidity and deserves consideration. 

When viewing the role of dietary fatty acids in influencing membrane proper- 
ties, the presence of several different classes of fatty acids must be considered. These 
include: (a) the presence or absence of essential fatty acids; (b) the relative amounts 
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of saturated and unsaturated fatty acids; (c) the presence of isomers; and (d) the rela- 
tive amounts of w6 and w3 fatty acids. The relationship of (a) and (d) to membrane 
function does not appear to be direct but involves the synthesis of eicosanoids such 
as the thromboxanes, prostaglandins, and leukotrienes. These in turn may influence 
membrane properties but their mode of action is not yet certain. Although it has 
been assumed that polyunsaturated fatty acids may be essential membrane compo- 
nents,*! there is no evidence to support this assumption. In fact several cell lines can 
now be grown in culture in serum-free media lacking any exogenous fatty acids.* 
The membranes of these cells apparently contain only trace amounts of polyunsatu- 
rated fatty acids of the w7 series. Thus, this raises doubts as to the requirements for 
polyunsaturated fatty acids for cellular membrane function in vivo, although there is 
no question that essential fatty acids are required for the synthesis of eicosanoids for 
the maintenance of tissue response in physiological functions. 


TABLE 2 


PUBLISHED EXPERIMENTS PERTAINING TO THE SATURATION AND 
ISOMERIZATION OF DIETARY FATs 


Experimental Comparative Membrane 
Animal Diets (conc.) Function Comments Reference 
Sheep Sunflower oil (?) Mitochondrial Type of diet and levels 65 
vs. pasture (?) succinate of fat different 
oxidation 
Rat Sunflower oil-soaked Mitochondrial Level of fat different 65 
pellets (2%) vs. succinate 
pellets (2%) oxidation 
Rat Corn oil (15%) vs. Mitochondrial Hydrogenated oil de- 66 
hydrogenated soy respiration ficient in essential 
bean oil (15%) fatty acids 
Rat Olive oil (8%) vs. Mitochondrial & | Elaidinized olive oil 67 
elaidinized olive oil erythrocyte deficient in essential 
(8%) permeability fatty acids & olive 
oil marginally 
deficient 
Rat Sunflower oil (14%) Microsomal Coconut oil deficient 68 
vs. coconut oil enzymes in essential fatty 
(14%) acids 
Mouse Sunflower oil (14%) | Plasma membrane Coconut oil deficient 69 
vs. coconut oil amino acid in essential fatty 
(14%) transport acids 
Rat Soybean oil (20%) vs. Mitochondrial Rapeseed oil contains 70 
rapeseed oil (20%) oligomycin- a high level of 


sensitive ATPase егисіс acid, which 
causes pathological 


effects 
Rat Hydrogenated lard Erythrocyte First two diets are 71 
(5%) vs. lard (5%) Mg?*-ATPase EFA-deficient con- 
vs. corn oil (5%) vs. taining less than 2% 
linseed oil (5%) as caloric intake. 


Deficient іп Zn?* 
and Mn?* 
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Experiments with model membranes, prokaryotes, and cultured cells have con- 
firmed that the saturation of membrane fatty acids can influence membrane proper- 
ties. However, in vivo experiments attempting to relate the degree of saturation of 
dietary fatty acids to a resultant change in membrane properties in mammals have 
not yielded clear-cut results. This difficulty seems to relate to the complex pathways 
of metabolism of dietary fats and the regulation of many of these pathways to avoid 
large changes in membrane lipid composition. Moreover, many dietary experiments 
have not considered the contribution of the eicosanoids arising from essential fatty 
acids to membrane properties. The well-recognized changes in membrane function as 
а result of essential fatty acid deficiency attest to 1һ15.%'% An example of membrane 
changes determined in our laboratory is described in Holmes е? al.” An examination 
of many of the published experiments pertaining to the effect of the saturation and 
isomerization of dietary fatty acids shows that they suffer from experimental defi- 
ciencies that do not allow an unequivocal interpretation of experimental results (ТА- 
BLE 2). In such experiments, the type or level of dietary fatty acids may have varied 
between experimental treatments, the sufficiency of essential fatty acids may have 
varied, and the diets may have been deficient in trace minerals, which can influence 
lipid metabolism. The effect of these parameters, level, type, essential fatty acids 
(EFA) deficiency, and trace mineral deficiency on membrane composition, mem- 
brane properties, or lipid metabolism, have been documented.5577! Despite the reser- 
vations concerning the interpretation of these experiments, the observable trend in 
these experiments is that dietary fatty acid saturation influences membrane proper- 
ties. A range of membrane functions are affected including membrane permeability 
and the activity of membrane-bound enzymes. However an unequivocal interpreta- 
tion awaits better nutritionally designed experiments. 

Changes in membrane fatty acid composition have been detected in the mem- 
branes of experimental animal models fed various fats. While attempts have been 
made to correlate directly an increase in dietary fatty acid saturation with an increase 
in the saturation of membrane fatty acids, this effect has not been observed in many 
experiments. It is apparent that the membrane regulates to some extent its fatty acid 
composition in an attempt to control the fluidity of membrane lipids. Examples of 
membrane-lipid changes in studies carried out in our laboratory are listed іп TABLEs 3 
and 4. A higher percentage of linoleic acid was noted in the erythrocyte lipid of swine 
fed corn oil as compared to those fed beef tallow. A similar trend was noted in the 
lipids extracted from the heart sarcolemma membrane of swine fed corn oil as com- 
pared to those fed hydrogenated fat. The cholesterol content was similar in both 
cases, but the mixed fatty acid composition was not.7??? 

The effect of isomeric fatty acids is not clear-cut for the same reasons. In our 


TABLE 3 


CHOLESTEROL AND FATTY ACID CONTENT OF ERYTHROCYTE LIPIDS 
OBTAINED FRoM SWINE FED 30% oF CALORIES From BEEF TALLOW ок Совм Оп, 


Beef Tallow Corn Oil 
Cholesterol mg/100 ml 135 136 
Palmitic C16:0(%) 35 31 
Stearic C18:0 13 15 
Oleic C18:1 31 20 
Linoleic C18:2 16 29 


(After Kummerow ef al.??) 
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TABLE 4 


CHOLESTEROL AND Ғаттү ACIDS IN PHOSPHATIDYLCHOLINE OF CARDIAC SARCOLEMMA 
MEMBRANE ISOLATED FROM SWINE FED 18% or CALORIES 
Евом HYDROGENATED FaT ок Совм OIL 


Hydrogenated Fat Corn Oil 
Sarcolemma Cholesterol 
(mg/mg lipid)* 0.204 0.182 

Palmitic C16:0(%) 29.3 29.3 
Stearic C18:0 6.5 8.1 
Oleic C18:1 30.21 16.3 
Linoleic C18:2 25.9 33.0 
Arachidonic C20:4 NS 5.6 


* Not significant. 
Contains 2.9% trans; OV-275 column. 
(After Babka."*) 


laboratory we are attempting to analyze how dietary fatty acid saturation and isom- 
erization influence membrane properties in carefully controlled experiments.?! 


Sterols and Oxidized Derivatives 


As mentioned earlier, a great deal of attention has been focused on both the re- 
lationship of dietary cholesterol and serum cholesterol to the development of heart 
disease. However, as I have stated previously, such relationships are tenuous. In 
terms of altered membrane functions, cholesterol levels in the diet and serum could 
affect the amount of cholesterol in the membrane. The changes observed in mem- 
brane cholesterol both in vivo and in vitro over a range of dietary and serum levels 
suggest that significant changes do not occur under normal physiological conditions. 
Thus, while proposals that changes in membrane fluidity occur in response to ele- 
vated serum cholesterol levels appear attractive, they are not supported by experi- 
mental evidence. 

А proposal we have been examining in our laboratory is that oxidized sterols 
may be a more significant factor than cholesterol in influencing the initiation and de- 
velopment of atherosclerosis through their effect on membranes. 25-Hydroxycholes- 
terol and 7-ketocholesterol’*-”* are auto-oxidation products of cholesterol and may 
arise during processing or cooking of cholesterol-containing foods. The potential for 
these derivatives to exist in the food chain and to produce pathological effects may 
be ascertained by performing some simple calculations. If the average American con- 
sumes 500 mg of cholesterol per day and if 0.1% of that were oxidized (a very small 
proportion), this would result in the consumption of 500 Hg of oxidized derivatives 
of cholesterol. If 20% of that were 25-hydroxycholesterol, it would be equivalent to 
the ingestion of 100 ug 25-hydroxycholesterol per day. We believe that the toxicity of 
vitamin D is related to the formation of 25-hydroxyvitamin D, the main circulating 
form of vitamin D, which shares several common structural features with 25-hy- 
droxycholesterol. Toxic responses to vitamin D” have been reported with doses as 
low as 50 ug per day, which stresses the relevance of cholesterol oxidation. However, 
uncertainties exist as to the actual extent of formation of oxidized products, their 
rate of absorption, and their rate of metabolism. 

We have found" that 7-ketocholesterol is quite potent in increasing the fre- 
quency of degenerated smooth muscle cells in the aortas of experimental chicks (Fic- 
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Figure 2. Thoracic aorta from a chick fed 0.5 ml 2% 7-ketocholesterol in corn oil 
for 8 weeks (х 720). 


URE 2). Other workers have confirmed that 25-hydroxycholesterol is similarly angio- 
toxic." In our studies on chicks we were not able to determine whether significant 
Ca?* deposition occurred in the coronary arteries of those fed 7-ketocholesterol, as 
the techniques employed would have permitted leaching of Ca?* from deposition 
sites. The question of maintaining Са?” deposition in thin sections in а way that re- 
flects in situ deposition is one being addressed in several laboratories, but with no 
clear resolution as yet. We are pursuing the hypothesis that one of the principal toxic 
effects of these sterols is caused by their insertion into cellular membranes. This 
would influence the permeability properties of membranes, particularly in the per- 
meability of plasma membranes to Ca**, as a large electrochemical gradient for Са?" 
exists across these membranes. 

Similar principles may apply during hypervitaminosis D where 25-hydroxyvita- 
min D is the main circulating metabolite.® It too may influence the permeability 
properties of membranes following its insertion in the membrane. Arterial calcifica- 
tion and smooth muscle cell necrosis are typical features of hypervitaminosis D (Fic- 
URE 3). 

Hydroxysterols may also influence membrane properties indirectly in two ways. 
First, they are well-known inhibitors of the synthesis of sterols and other lipid prod- 
ucts that are derived from hydroxymethylglutaryl-coenzyme A reductase activity.*! 
The flow of sterols and other lipids through cellular membranes may be inhibited, al- 
though sufficient cholesterol to meet membrane requirements should be provided by 
serum cholesterol. Second, 1,25-dihydroxyvitamin D has been shown to increase the 
fluidity of intestinal brush border membranes by increasing the relative incorpora- 
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FIGURE 3. Thoracic aorta from 6-month-old swine fed an excess amount of vitamin D; 
for three months (х 2,790). 


tion of polyunsaturated fatty acids into phospholipids and by increasing the amount 
of phosphatidylcholine іп the membrane.*?-** This increase in fluidity has been pro- 
posed to open cryptic Ca?* channels іп the membrane, stimulating Са?” flow into the 
cell (FIGURE 4). In view of the increasing number of tissues being identified as targets 
of 1,25-dihydroxyvitamin D action, 85-58 it is possible that arterial cells are also influ- 
enced. If so, during hypervitaminosis D, the high levels of 25-hydroxyvitamin D may 
simulate 1,25-dihydroxyvitamin D action. One of the responses in arterial cells may 
be to influence membrane fluidity and Са?” flow into the cell. This is presently under 
investigation in our laboratory. 

The importance of calcium in the development of atherosclerosis has been 
shown in studies with calcium antagonists. Kramsch er a/.5* found that rabbits fed 
the calcium antagonist, lanthanum trichloride (40 mg/kg body weight), and 2% cho- 
lesterol, did not develop lesions to the same extent as those fed 2% cholesterol alone 
despite their serum cholesterol levels being similar (2,431 and 2,573 mg %, respec- 
tively). Similar results were noted in rabbits fed 2% cholesterol and the calcium 
"blocker," nifedipine. These studies indicate that the factors that control the flow of 
calcium through the cell membrane, rather than the presence of an excessive amount 
of LDL cholesterol? in the serum, are the crucial factors in the development of ath- 


erosclerosis. 
SUMMARY 


Dietary lipids can modify the properties of cell membranes, including mem- 
brane fluidity and membrane permeability. The saturation and isomerization of di- 
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FIGURE 4. A possible model of action suggested by Rasmussen ef al.® by which the methyl 
esters of cis- and trans-vaccenic acid (С18:1, 114) (МСУА and MTV A) added in vitro produce 
changes in calcium transport across the luminal membrane of the enterocyte similar to those 
seen after administration of 1,25-(OH);-D, in vivo. In the proposed model, either manipulation 
(MCVA in vitro or 1,25-(OH);,-D; in vivo) leads to an increase in membrane fluidity, which 
in turn converts cryptic calcium channels in the membrane into active ones. Conversely, addition 
of MTVA in vitro reverses the effect of 1,25-(ОН),-О. by decreasing membrane fluidity. (From 
Rasmussen ef a/.? By permission of Federation Proceedings.) 


etary fatty acids may affect the pattern of fatty acids acylated to glycerol in phospho- 
lipids. Oxidized sterols may affect membrane properties directly by their insertion in 
the membrane or indirectly through their effects on lipid metabolism. The flow of 
calcium and other nutrients into the cells appears to be a major property affected by 
those changes in lipid composition of membranes and may be important in the onset 
of atherosclerosis. The factors that alter the character of the lipids in cell membranes 
should receive increased study in both in vitro and in vivo systems to clarify their role 
in diseases processes. 
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MECHANISMS CONTROLLING Са?" PERMEATION ACROSS MEMBRANES 


An important property of membranes is their impermeability to Са?” and other 
cations. This has most clearly been demonstrated in studies with phosphatidylcholine 
liposomes.' Са?*, however, is an essential cellular component that is required for 
many cellular functions. Furthermore, fluctuations in cytoplasmic levels of Ca?* are 
believed to regulate many intracellular processes.? Mechanisms must therefore exist 
for Са?" to cross cellular membranes to serve its regulatory function and to meet 
growth requirements. Cellular mechanisms known to exist are illustrated in FIGURE 
1. (A) denotes active transport systems, which have been identified in mitochondria, 
the endoplasmic reticulum, and plasma membranes. The requirement for energy to 
transport Са?" is clearly evident for the plasma membrane system. A concentration 
gradient of 10* across this membrane coupled with a potential difference of approxi- 
mately — 50 mV would favor a massive Ca” influx if Ca” was able to freely distrib- 
ute across the membrane. Similar systems may exist in the nuclear envelope and in 
intranuclear vesicles? where they have been proposed to regulate Ca?* fluxes during 
mitosis. Mechanisms must exist for Ca?* to be released from the intracellular organ- 
elles that sequester Ca?', but they have not been included in FicurE 1 as their nature 
is uncertain. (E) represents Na*-Ca?* exchange that has been identified in the plasma 
membranes of excitable cells but not as yet in non-excitable cells.* Its stoichiometry 
is uncertain and it is believed to act to extrude Са? from the cell, although in vitro it 
can be manipulated to operate in either direction. (C) is а Са” channel that probably 
exists in most plasma membranes to allow Са? to selectively enter cells. This process 
has been most extensively studied in excitable cells where membrane depolarization 
results in a Ca” influx.* A channel sensitive to high concentrations of Verapamil has 
recently been shown to exist in cultured kidney cells? and erythrocytes.5 (A), (C), and 
(E) are all protein-facilitated fluxes in contrast to (D), which represents diffusion of 
Са?" across lipid regions of the membrane. Interest in this mechanism has been trig- 
gered by recent observations that phosphatidic acid has Ca?*-ionophoretic proper- 
ties’ and can greatly enhance the permeability of liposomes to Ca?'.' Increased mem- 
brane synthesis of phosphatidic acid has been correlated with increased Ca?* influxes 
in several experimental systems.*? We have been unable to verify, however, that 
phosphatidic acid can translocate Ca?* across phosphatidylcholine membranes.!? 


PHYSIOLOGICAL SIGNIFICANCE 


In an unstimulated cell, the pathways controlling Са?” fluxes are balanced to 


* Supported by the University of Illinois Foundation Burnsides Research Fund. 
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Ficure 1. Mechanisms of Са?" flux across membranes in a typical cell. (A) denotes an active 
transport process; (E), a Ма*-Са?* exchange process; (С), a Ca?*-selective channel; and (D) a 
diffusional process across the lipid bilayer. 


maintain cytosolic Са?* at approximately 100 nM.*' Following a stimulus to the cell 
where Са?" acts as a secondary signal, cystosolic Са?” levels rise substantially. This 
may be achieved by release from intracellular stores (mitochondria and endoplasmic 
reticulum) or by an influx from the extracellular medium. Such a signal, for exam- 
ple, may result either from the interaction of cell surface receptors with hormones? 
or mitogens," from membrane depolarization caused by a nerve impulse in muscle 
contraction, ? or from an intracellular signal (such as has been shown to occur dur- 
ing mitosis in an acellular slime mold).'* 

With an altered rate of influx or efflux across the plasma membrane, the poten- 
tial exists to overload the intracellular sequestering systems and raise cytosolic Ca?* 
levels to create a constant activated state. The consequences of such an overload are 
swelling of the endoplasmic reticulum, swelling and functional impairment of mito- 
chondria, membrane damage resulting from the release of fatty acids by Ca?*-stimu- 
lated phospholipases, and the perturbation of intracellular metabolism.'* The final 
result may be cell necrosis. In cultured hepatocytes exposed to a variety of cellular 
toxins, which act in different ways, an enhanced influx of Ca? was a common factor 
in their response to the toxins.'* Cell senescence may also be an example of the result 
of subtle changes in Са?” fluxes. It was recently observed that there was a correlation 
between senescence in cultured cells and an increased cellular Са?" content." 

The potential for an increased Са?” influx or decreased Ca?* efflux to manifest 
itself in a diseased state is consequently quite apparent. In our laboratory we are in- 
vestigating whether altering membrane lipid composition is a contributing factor in 
altering Ca?* fluxes across membranes. We have been examining the effect of the in- 
corporation of 25-hydroxylated sterols in membranes and the effect of altering the 
saturation and isomerization of membrane fatty acids. The 25-hydroxylated sterols 
we have examined are 25-hydroxycholesterol and 25-hydroxyvitamin Оз, which is ac- 
tually a seco-steroid due to its broken В ring. 

25-Hydroxycholesterol is one of the major auto-oxidation products of choles- 
terol and has a potent necrotic effect on cells.!*'!? It exerts an inhibitory effect оп 
cholesterol biosynthesis and it has been suggested that its pleiotropic effects on mem- 
brane functions, including an alteration in ion permeability, stem from a reduction 
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in membrane cholesterol content.2° Changes in membrane cholesterol content as а 
contributing factor to changes in membrane permeability, however, are not sup- 
ported by experiments where membrane cholesterol was altered by different means.?' 
An alternative hypothesis is that the effect of 25-hydroxycholesterol on membrane 
permeability is related to the insertion of 25-hydroxycholesterol into membranes. 
Such a hypothesis would explain some of the alterations observed in Rb* transport in 
25-hydroxycholesterol-treated Chinese hampster ovary (CHO) cells.? The failure of 
many other oxidized derivatives of cholesterol to inhibit DNA synthesis whilst still 
inhibiting sterol synthesis? does not support a theory that centers on the pleiotropic 
effects of 25-hydroxycholesterol being entirely caused by reduced cholesterol biosyn- 
thesis. 

The other 25-hydroxylated sterol we are studying, 25-hydroxyvitamin Ds, is rel- 
evant in that, during severe hypervitaminosis D in animals, including humans, serum 
25-hydroxyvitamin D levels rise more than 50-fold.?^?5 This is accompanied by se- 
vere soft tissue calcification along with substantial increases in tissue concentrations 
of vitamin D and 25-hydroxyvitamin D.?* We are testing the hypothesis that the in- 
creased tissue content of Са?" is related to the insertion of 25-hydroxyvitamin D into 
membranes, which causes an increase in membrane permeability to Ca?* and an ac- 
cumulation of Ca?* within cells. 

We have examined the effect of fatty acid saturation on membrane Ca?* per- 
meability both іп vivo and in vitro. Ever since the observations that membranes may 
undergo discrete phase transitions that depend on factors such as fatty acid composi- 
tion, a role for a varied fatty acid composition in perturbing membrane function has 
been proposed.?* An obvious extension of this proposal is that such perturbations 
could be contributing factors in leading to a diseased state. The role of fatty acids is 
apparently related to their effect on the “fluidity” properties of membranes as there 
is little evidence that proteins have a specific requirement for a particular species of 
fatty acid in order to exert their function. In recent years with the development of the 
fluid-mosaic model of membrane structure,? it has been suggested that a fluid mem- 
brane is required for optimal protein function.?* This is supported by lower energies 
of activation for enzymes at temperatures above those where presumed lipid phase- 
transitions occur in membranes.?* Thus, proteins can apparently undergo a confor- 
mational change more easily to catalyze a reaction in a fluid membrane than within 
an environment of gel-like lipids. 

We have modified the fatty acid composition of erythrocyte membranes in vivo 
by altering the composition of dietary fats and have examined how these changes af- 
fect the membrane's ability to pump Ca?* and Na* out of the cell. We have examined 
these active transport systems through their expression as (Ca?* + Mg?*)ATPase and 
(Na* + K ATPase activities. These enzymes appear to be ubiquitous components of 
plasma membranes.”*?° The erythrocyte is a convenient model to study the response 
of these enzymes to membrane-lipid changes, because of the ease of obtaining source 
material, the ability to obtain a plasma-membrane preparation free of other contam- 
inating subcellular membranes, and the recognized alteration in lipid composition in 
response to dietary lipid changes. Changes in the activity of the Ca?*-pumping system 
in erythrocytes can initiate morphological changes???! and produce cation imbal- 
ances.?! 

To determine whether the Са?” channel allowing Ca” to enter cells is influenced 
by the lipid composition of membranes, we have modified the fatty acid composition 
of an established line of kidney cells that can be grown in serum-free medium. Very 
little 1s known about the properties of this Са?” entry process; its sensitivity to the 
Ca?* antagonist, Verapamil,” at high concentrations suggests that it may share some 
similarities with the Ca?* channel in excitable cells. It is also possible that this entry 


Holmes et al.: Effect of Membrane Lipid Composition 47 


process is similar to the permease that controls Са?” influx in intestinal mucosal cells 
in response to vitamin D. This permease is highly sensitive to the fluidity of its lipid 
environment,?? responding to 1,25-dihydroxyvitamin D by increasing the phospha- 
tidylcholine content and fatty acid unsaturation of brush border membranes, thus 
stimulating Са?” influx.?* 


PERMEABILITY THROUGH THE LIPD PHASE: EFFECT or 25-HYDROXYLATED STEROLS 


Either 25-hydroxyvitamin D, or 25-hydroxycholesterol at 10 mole % substan- 
tially increased the permeability of phosphatidylcholine liposomes to Ca?*, whereas 
with vitamin D, and cholesterol at 10 mole % the liposomes were impermeable (Fic- 
URE 2). The molecular basis claimed to support observations that phosphatidic acid 
stimulates Са?” translocation across cellular 27 and artificial membranes"?! is that it 
acts as an ionophore. Phosphatidic acid has been shown to have ionophoretic prop- 
erties іп a Pressman cell? and to form a complex with Са? in an organic solvent.?? 
We have found that 25-hydroxyvitamin D, does not share these characteristics, its 
rate of translocation of Са?* through an organic solvent being approximately 10% of 
that of phosphatidic acid. Uptake by liposomes did not vary markedly with changes 
in phospholipid head-group but decreased with increasing saturation of phospho- 
lipid fatty acyl chains; for example, dielaidylphosphatidylcholine vesicles were only 
40% as permeable to Са? as egg yolk phosphatidylcholine vesicles. The addition of 
cholesterol produced a similar type of effect, indicating that the motional freedom of 
the phospholipid acyl chains interacting with the 25-hydroxysterols is an important 
factor in influencing the permeability of liposomes containing 25-hydroxylated ste- 
rols to Ca?*. While the concentration of 25-hydroxysterols required to significantly 


CA UPTAKE (mmoles/mole lipid) 


о 
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Бісувв 2. The effect of 25-hydroxylated sterols on the permeability of liposomes to Ca?*. 
Liposomes (MLV) consisting of 70 mole % egg yolk PC, 20 mole % dicetyl phosphate, and 
10 mole % of the indicated sterols were prepared by pressure filtration,” encapsulating the Ca?*- 
sensitive dye, arsenazo 111.2 Free arsenazo Ш was separated from liposome-entrapped dye by 
Sephadex G-50 chromatography. Two to twelve minutes after the addition of Са?" to give а 
final concentration of 1 mM, Са?” uptake was monitored at 650 nm using a calculated molar 
extinction coefficient of 1.89 x 10* for the Ca?*-arsenazo Ш complex. 
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alter Са?" permeability in liposomes is high at 1 mole %, it must be kept in mind that 
in biological membranes discrete lipid domains containing high concentrations could 
feasibly exist and their varied protein and lipid composition may substantially in- 
crease its effects. 

To test our hypothesis that incorporation of 25-hydroxyvitamin D, will enhance 
Са” uptake by cells, we incubated cultured kidney cells in medium containing 1 ug of 
25-hydroxyvitamin D;/ml. This concentration can be exceeded during hypervitamin- 
osis 0.24.25 Cells were grown in serum-free medium so that vitamin D metabolites 
and proteins present in serum would not complicate the interpretation of the results. 
The 25-hydroxyvitamin D, was complexed to purified vitamin D binding protein 
(DBP) to simulate physiological conditions. From other experiments we have done 
on 25-hydroxyvitamin D, incorporation by these cells, we estimate that in this me- 
dium 20-50 pmoles 25-hydroxyvitamin D, were incorporated per mg cellular protein. 
When Са?” uptake was compared in these cells with cells grown in medium contain- 
ing binding protein alone, there was no observable difference (FIGURE 3). Before dis- 
counting the hypothesis that cellular incorporation of 25-hydroxyvitamin D, in- 
creases their permeability to Ca?*, several factors have to be considered. First, recent 
results of Varecka and Carafoli® indicate that, in the erythrocyte, substantial cycling 
of Са?” across the plasma membrane occurs; that is, the majority of Са?" that flows 
into the cell is immediately pumped out again. If a similar process operates in the 
kidney cells used in this study, an increased Са?” uptake may be masked by an in- 
creased efflux of Ca?*. If this does occur, it would suggest that while an increased 
permeability results, accumulation of Са?" above normal does not occur. Second, a 
more precise way to determine whether Ca?* accumulation occurs with exposure to 
25-hydroxyvitamin D, would be to determine if a change in cellular Са? content oc- 
curred. Third, it is possible that other serum components are required for increased 
Са?* accumulation to occur. We are currently testing this using serum depleted of en- 
dogenous binding protein and vitamin D by passage through a binding protein anti- 
body-affinity column. Fourth, the kidney cells used may not be susceptible to the ac- 


FIGURE 3. Тһе effect of 25-hydroxy 
vitamin Б; on Са?" uptake by MDCK cells. 
Confluent monolayers of cells maintained 
in a hormone-supplemented, serum-free 
medium*°-*! were incubated for 24 hours at 
37°C in medium containing per ml either 
1 ug 25-hydroxyvitamin D; and 400 pg puri- 
fied DBP (O) or 400 ug DBP alone (@). To 
o 250HD determine Ca?* uptake, the medium Was re- 
moved, replaced with fresh medium con- 

taining **CaCl, (1 uCi/ml) and incubated 
* CONTROL at 379С for the indicated time. Cells were 
washed five times with ice-cold buffer con- 
sisting of 150 mM NaCl, 5 mM CaCL, 0.1 
mM LaCl;, and 10 mM HEPES pH 7.4.3? 
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tion of 25-hydroxyvitamin D,, particularly as we have recently observed that they 
retain their in vivo capacity to metabolize 25-hydroxyvitamin D, to 24,25-dihydroxy- 
vitamin D; and, under the conditions of this experiment, may convert а large amount 
of the 25-hydroxyvitamin D; to 24,25-dihydroxyvitamin D,. Smooth muscle cells, 
for instance, may be more sensitive to 25-hydroxyvitamin D,, as their necrosis is ap- 
parent during hypervitaminosis D* and they are not known to be target cells respon- 
sive to vitamin D or its metabolites. 

If 25-hydroxyvitamin D, is shown to enhance Са?” accumulation in cells, the 
next step to determine the validity of our hypothesis is to show that some 25-hy- 
droxyvitamin D; is incorporated into the plasma membrane. 


EFFECT OF MEMBRANE FATTY ACID COMPOSITION 
ом Са?* UPTAKE BY MDCK CELLs 


The effect of supplementing the medium with either 18:0 (stearic acid) or 18:2 
(linoleic acid) complexed to bovine serum albumin (BSA) on the total fatty acid con- 
tent of MDCK cells grown in serum-free medium is shown in TABLE 1. Substantial 
differences in saturated, monounsaturated, and polyunsaturated fatty acid contents 
are apparent. Notably, the cells grown on 18:0 responded by synthesizing a large 
amount of oleic acid (18:1). This suggests that A9 desaturase activity increased to 
maintain a required level of fluidity in cellular membranes. Cells grown on 18:2 pro- 
duced a range of more polyunsaturated acids apparently derived from 18:2. Cells 
grown on 18:0 produced fewer polyunsaturated acids. These included derivatives of 
18:1, derivatives of 18:2 arising from trace contaminants in the BSA, and some ap- 
parent w7 derivatives of 16:1. The presence of this latter family of fatty acids is based 


TABLE 1 


MODIFICATION OF MDCK FATTY ACID COMPOSITION BY MEDIA SUPPLEMENTATION 


% of Total Fatty Acids* 


Fatty Acid 18:0 18:2 
16:0 11.4 9.7 
16:107 85 3.1 
18:0 11.9 8.1 
18:109 39.3 10.0 
18:21 2] 38.0 
18:31 1.0 4.0 
20:109 3.8 = 

20:21 27 0.7 
20:31 2.9 12.3 
20:309 4.7 2.6 
22:109 2.1 2 

20:41 1.9 4.0 
24:0 1.4 0.5 
24:1 23 - 

22:5 = 0.9 
Others 3.4 6.1 


* Fatty acid methyl esters were analyzed on a 60 m SP2340 glass capillary column in a Packard 
428 gas chromatograph using a temperature program increasing the temperature from 160°C 
to 220°C at 1°/min. 

T These results represent mixtures of w6 and w7 isomers. 
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Ficure 4. The effect of fatty acid supplementation оп Ca” uptake by MDCK cells. (А) 
Са" uptake was determined as described in the legend to FIGURE 3. In (B), a linear-regression 
analysis of the data yielded for the rapidly exchanging compartment a flux rate (J, in nmoles/mg 
protein/min) of 0.67 and a compartment size (S, in nmoles/mg protein) of 1.37 for 18:2 cells, 
whereas for 18:0 cells the values were 0.67 and 2.15, respectively. The values for the slow influx 
into the cells were J = 0.092 and S = 2.37 for 18:2 grown cells, and J = 0.085 and S = 1.41 
for 18:0 grown cells. 


on the fatty acid composition of cells grown in medium without BSA or fatty acid 
supplements, and the known existence of this minor pathway in mammalian cells.*? 
Similar changes that have been observed in the phospholipids of LM**** апа СНО“ 
cells have been correlated with changes in membrane fluidity. Supplementing cells 
with saturated fatty acids produced less fluid membranes than when supplemented 
with unsaturated fatty acids. In LM cells, a reduction in adenylate cyclase activity“ 
occurred in concert with a reduction іп fluidity.** Са?” uptake by MDCK cells grown 
in 18:0 and 18:2-containing media is illustrated in Figure 4A. The difference be- 
tween these two uptake curves is more clearly observed when the exponential change 
in the rate of uptake is analyzed as recommended by Borle.*? Such an analysis is re- 
quired to discriminate between true changes in flux rates or changes in pool sizes.5? 
This plot (FicuRE 4B) clearly shows that the fluxes relating Ca?* binding to the cell sur- 
face and Са?” entry into intracellular pools, denoted by the intercepts on the x-axis, 
are similar. The difference in uptake curves is accounted for by changes in pool sizes, 
both the surface-binding pool and the intracellular pool. The nature of these changes 
in cellular components is not known. Before concluding that the bulk changes in 
membrane fluidity, which most likely occurred in the experiments reported here, did 
not affect the protein(s) facilitating Са?” entry into the kidney cells, some reserva- 
tions must be made. If Са?” cycling does occur across the plasma membrane in a 
manner similar to that observed in erythrocytes,*! a decreased influx through the 
Са?" channel could be offset by a decreased efflux through the Са?” pump. In other 
words, alterations in membrane fluidity affect both reactions to the same extent. 
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EFFECT OF ERYTHROCYTE MEMBRANE FATTY ACID CHANGES ON 
(Са?* + Mg")ATPasE AND (Ма* + К)АТРАЗЕ ACTIVITIES 


We have examined the effect of varying the dietary fatty acid composition on 
the lipid composition of rat erythrocyte membranes and its effect on cation-trans- 
porting enzymes. The activities of both (Са? + Mg”*)ATPase*! and (Na* + K)ATP- 
ase*? are sensitive to the nature of their lipid environment. Semi-purified diets, pre- 
pared according to the recommendations of the American Institute of Nutrition,*? 
were supplemented with 10% (w/w) of either lard (L), safflower oil (SO), corn oil 
(CO), hydrogenated soybean oil:corn oil mixture (85:15) (HSBO), margarine-ex- 
tracted fat (М), and hydrogenated coconut oil (HCO). Diets were fed ad libitum to 
male Sprague-Dawley rats for six to eight weeks from weaning for all experimental 
diets except when CO and HCO were compared, where male Lewis rats were fed the 
diet for seven to eight weeks. The dietary fats, whose fatty acid composition is given 
in TABLE 2, were chosen to allow testing of the effects of fatty acid saturation by 
comparing L, SO, and CO; the effects of isomerization by comparing the relation- 
ship of two levels of isomeric fatty acids, HSBO and M, to L, SO, and CO; and the 
effects of essential fatty acid deficiency by comparing HCO and CO. 


Fatty Acid Saturation 


The major changes occurring in the fatty acid composition of erythrocyte mem- 
branes from rats fed L, SO, or CO were in 18:1 and 18:2 fatty acids (TABLE 3). No ef- 
fect of these diets was observed on (Na* + K*)ATPase activity in these membranes, 
nor were there any apparent trends (TABLE 4). A significant effect was observed, 
however, when (Ca**+Mg?*)ATPase activity was examined. The animals fed the 
lard diet had a basal activity that was 20% lower than that of animals fed the CO 
diet, and a calmodulin-stimulated activity that was 12% lower. The SO diet mem- 
branes had activities intermediate to those of L and CO, which is consistent with the 
effect of the saturation of dietary fatty acids on the activity of this enzyme. 


TABLE 2 


FATTY ACID COMPOSITION OF DIETARY FATS 


% of Total Fatty Acids 


Fatty Acid iL SO CO HSBO M HCO 
12:0 - — = = = 70 
14:0 1.8 0.1 = = = 13.4 
16:0 21,5 5.3 12.5 10.6 13.7 7.9 
18:0 12.4 2.5 22 10.6 9.4 7.6 
18:1 trans* - - - 39.3 19.0 - 
18:1 cis* 42.2 74.3 26.1 23.6 26.8 = 
18:21 11.9 16.0 57.4 14.6 24.9 = 
18:3 3.2 0.4 0.8 - 23 2 


* A mixture of positional isomers. 
These results represent cis A9,12-18:2. Other positions and geometrical isomers were 
separated on the SP2340 capillary column and accounted for less than 0.5% of the total fatty acids. 
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TABLE 3 


FATTY ACID COMPOSITION OF ERYTHROCYTES 


% of Total Fatty Acids 


Fatty Acid L SO CO HSBO M HCO 
16:0 27-9 28.5 29.6 24.7 23.4 26.1 
18:0 15.6 14.7 1325 11.1 11.7 14.8 
18:1 0.2 0.9 0.3 6.7 6.2 0.3 
18:1 11.1 14.8 8.9 11.5 ІРІ 13.9 
18:2 71.3) 6.6 12.2 8.9 8.4 4.7 
20:306 0.4 0.4 0.5 0.6 0.6 2 
20:309 0.3 0.4 0.1 0.2 0.2 3.9 
20:4 26.0 257] 26.3 25.0 24.0 221 
2255 1.0 0.6 0.7 0.5 1.3 0.7 
22:6 2/2 IES 1.6 244 2.6 1.6 


Fatty Acid Isomerization 


Тһе margarine stock, HSBO, which is blended with a vegetable oil to produce 
margarine, and the margarine-extracted fat, M, both contain a range of cis and trans 
isomers. The double-bond position of the octadecenoic acids appeared to be pre- 
dominantly between A6 and A13, which is consistent with reports of other investiga- 
гогѕ.56:57 Only trace amounts of trans, trans 18:2 (< 0.2%), cis, trans 18:2 (< 0.2%), 
and rrans, cis 18:2 (< 0.2%) were identified in HSBO and none in M. The most mean- 
ingful comparison to make concerning the effect of isomeric fatty acids is between 
HSBO, L, and SO. HSBO contains a level of 18:2 (obtained through its blending 
with CO) intermediate to those of L and SO. The primary difference between the 
fats is that saturated and monounsaturated fatty acids are partially replaced by iso- 
meric fatty acids. As the physical properties of trans monounsaturated isomers (e.g. 
melting points) are generally intermediate to those of cis isomers and saturated fatty 


TABLE 4 


THE ErrEcT oF DIETARY FAT ом (Ca+Mg)ATPASE AND 
ERYTHROCYTE (Na+ K)JATPAsE ACTIVITIES 


Calmodulin-stimulated 


Fat (Na* + K')ATPase (Ca?* + Мр2”)АТРазе (Ca?' + Mg?*)ATPase 
HSBO 424 509% 1928% 

СО 446 492% 1886* 

M 491 456 1830 

SO 481 455 1772 

L 418 3951 16641 


Erythrocyte ghosts were prepared essentially as described Бу Vincenzi and Farrance.55 (Ca?* +- 
Mg”*)ATPase activity was measured by the difference in the inorganic phosphate release in 1 
hour at 37°C following the incubation of 100-250 ИЕ of membrane protein іп 1 ml of assay 
medium containing 67 mM NaCl, 12.5 mM KCl, 15 mM imidazole, 15 mM histidine, 2.5 mM 
МЕСІ, 3 mM ATP, 0.1 mM ouabain, рН 7.2 in the presence and absence of 200 ИМ Сасі,. 
Calmodulin stimulation was measured by the addition of 1 ив bovine calmodulin. (Na* + K*) 
ATPase activity was measured by omitting ouabain. Activities, expressed in nmoles P; released 
mg protein” hr, are the means of at least five different preparations and those with different 
superscripts are significantly different at the p < 0.05 level. 
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acids, the effect of trans isomers when incorporated into phospholipids, if purely 
physical, could be expected to lie between those of cis monounsaturated and satu- 
rated fatty acids. If the activity of (Ca?* + Mg?*)ATPase is influenced by the physical 
properties of phospholipids, the activity in membranes from HSBO-fed rats should 
lie between those of L and SO. This was not observed, however, as their activity was 
similar to that in the CO membranes. The reasons for this effect are not clear. The 
fatty acid composition of the HSBO-fed rat erythrocytes differed from L and SO 
membranes primarily in that the trans 18:1 isomers were incorporated at the expense 
of saturated fatty acids. The 18:2 content was more similar to that of L and SO than 
to CO. The effect with the margarine diet was consistent with the effect of HSBO, al- 
though interpretation of its effects are hampered by its containing a level of 18:2 dif- 
ferent from those of L, SO, and HSBO. 


Essential Fatty Acid Deficiency 


In view of the effect of fatty acid saturation discussed above, the enzyme activi- 
ties in erythrocyte membranes from rats fed an essential fatty acid (EFA)-deficient 
diet were unexpected. Membranes from rats fed the HCO diet, which contained only 
saturated fatty acids, had higher (Са?* + Mg?*)ATPase and (Na* + K)ATPase activi- 
ties than membranes from rats fed CO (TABLE 5). Sun and Sun*® observed that the 
(Na* + K*)ATPase activity of synaptosomes increased with EFA deficiency, which is 
consistent with our results. That the rats used in our study suffered from marginal 
EFA deficiency is evident from their decreased 18:2 content, their marginally lower 
20:4 content and the appearance of 4% 20:3 w9, the “deficiency triene.” In agree- 
ment with the observations of other workers,5?:9? we have not been able to detect апу 
changes in cholesterol-to-phospholipid ratios in these membranes (or in those of any 
of the other experimental groups). In similar types of experiments, other workers 
have found no change in phospholipid classes.*1 We also examined the properties of 
the spin label, 5-doxylstearic acid, when incorporated into HCO and CO mem- 
branes. No differences were found in the order parameter of the spin label in agree- 
ment with the electron spin resonance (ESR) spectral analyses of Ehrstrom et а/.5° 
S = 0.704 + 0.001 for HCO membranes and S = 0.703 + 0.001 for CO mem- 
branes. This result reflects the averaging of the spin resonance of the probe incor- 
porated into possibly multiple lipid environments in the membrane and, in effect, 
shows the insensitivity of the technique when applied to the erythrocyte membrane. 

There are several possible explanations for the increased enzyme activities ob- 
served with the EFA-deficient diet. (1) The differences in fatty acid chain length be- 


TABLE 5 


THE EFFECT oF EFA DEFICIENCY ON ERYTHROCYTE 
(Na+ K)ATPAsE AND (Ca+Mg)ATPASE ACTIVITIES 


Calmodulin-stimulated 


Fat (Na* + K*)ATPase (Ca?* + Mg?^)ATPase (Ca** + Mg**)ATPase 
CO 407* 788* 1885* 
HCO 5101 1160! 26801 


Enzyme activities were measured as in TABLE 4 except that the incubation assay contained 
8 mM NaCl, 15 mM KCl, and 3 mM MgCh. Activities, expressed in nmoles Pi released mg 
protein hr‘, are the means of at least four different preparations and those with different 
superscripts are significantly different at the p < 0.01 level. 
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tween the two diets produced subtle but important effects in membrane fatty acid 
composition. (2) There is a change in a particular molecular species of phospholipid 
that may specifically associate with the enzymes, e.g., a species containing 20:3 w9 
may produce a high activity. (3) The essential fatty acid deficiency may produce a 
general change that affects many membrane proteins, such as an alteration in protein 
phosphorylation or methylation. (4) There is a change in a lipid class, such as the free 
fatty acids of the membrane that has not yet been recognized as occurring or being of 
importance. (5) The protein composition of the erythrocytes is altered and increased 
amounts of the ATPases are present relative to other membrane proteins. In view of 
the observed shedding of erythrocyte antigens induced by membrane rigidification,*? 
changes in protein composition might be expected. 

We are currently undertaking a more in-depth analysis of the changes in enzyme 
kinetic properties, the number of enzymes per cell, the phospholipid composition, 
and the changes occurring in the fluorescence properties of probe molecules, in all 
experimental diets to more fully understand the changes that occurred. 


CONCLUSIONS 


The main objective in our laboratory has been to determine whether dietary lip- 
ids can modify membrane structure and function. In this way we may be able to 
demonstrate what role, if any, they play in the initiation and development of dis- 
eased states. We have sought answers to this question through an examination of the 
way in which dietary lipids modify membrane permeabilities to Са?*, a parameter 
crucial to normal cell function. 

Evidence presented here indicates that membrane-lipid composition is impor- 
tant in determining the rate of Са?" permeation through a lipid bilayer using 25-hy- 
droxylated sterols as an example. Clarification of the biological effects of these ste- 
rols requires further experimentation. While we were unable to show an effect of 
membrane fatty acid saturation and presumed membrane fluidity changes on the 
Са?" channel facilitating Са?” entry into cells, we were able to demonstrate that 
changes in the rate of Ca?* efflux can be influenced in vivo by changes in the fatty 
acid composition of dietary fats. Essential fatty acid deficiency increased the activity 
of membrane-bound enzymes despite the dietary fat used to induce deficiency being 
completely saturated. This clearly demonstrates that in іп vivo experiments the effect 
of the saturation of dietary fatty acids and the effect of fatty acid deficiency must be 
segregated. 
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INTERACTION BETWEEN LYSOLECITHIN AND 
PLATELETS AND ITS RELATIONSHIP TO DISEASE 


Mircea Petru Cucuianu 


Clinical Chemistry and Clinical Pathology 
Faculty of Medicine 
Medical and Pharmaceutical Institute of Cluj-Napoca 
R-3400 Cluj-Napoca, Romania 


Lysolecithin (LPC) influences a number of membrane properties, including 
membrane fusion, cell-surface morphology, and the activity of membrane-bound en- 
zymes.' Recent evidence suggests that LPC represents the main pathway for the in- 
corporation of polyunsaturated fatty acids into platelet phospholipids for the subse- 
quent remodeling of platelet membranes,? and that LPC concomitantly arises with 
the generation of eicosanoids.? Platelet functions such as aggregation, secretion, and 
adhesiveness are greatly dependent on surface-membrane properties. The effect of 
LPC on platelet properties is a question that has been addressed in our laboratory. In 
this article I examine the response of platelet functions to exogenous LPC and the re- 
lationship of this response to diseased states. 


Effect of LPC on Platelet Aggregation 


The first question to ask when considering the relationship of exogenous 
(plasma) LPC to platelet function is whether an exchange of LPC occurs between 
plasma lipoproteins and platelets. Transfer was confirmed by incubating unlabeled, 
washed platelets in platelet-free plasma (PRP), in which all the major phospholipids 
were labeled in vivo with ?PO,.* Up to 43% of platelet LPC was rapidly labeled. La- 
beling of platelet phosphatidylcholine (PC), however, occurred more slowly and 
reached a maximum of only 7%. These results suggested that uptake and incorpora- 
tion of endogenous plasma LPC by platelets may be an important mechanism in the 
modification of platelet-membrane phospholipid fatty acid composition and possi- 
bly platelet function. 

Data concerning the effect of LPC upon platelet function are rather conflicting. 
It has been suggested that LPC might represent the "transferable factor," causing ab- 
normal electrophoretic behavior in platelets isolated from patients with vascular 
disease.* This abnormal behavior, characterized by a greater increase in platelet elec- 
trophoretic mobility induced by ADP (5 ng) than by a concentration of this 
nucleotide ten times higher, could be reproduced with normal platelet-rich 
plasma-platelet-poor plasma (PRP-PPP) mixtures by adding LPC in concentrations 
of 10-100 ug/ml.* However, the exposure of platelets in citrated PRP to LPC, ina 
concentration similar to that found in normal plasma, inhibits irreversible platelet 
aggregation induced by either ADP, adrenalin, collagen, thrombin, or serotonin."'? 
It was suggested that this inhibition was caused by the blocking of the normal plate- 
let-release reaction and was probably linked to the surface activity of LPC. Interest- 
ingly, saturated LPC fractions inhibited aggregation, but a LPC fraction containing 
a high percentage of polyunsaturated fatty acids did not. Thus, in contrast to data 
concerning electrophoretic behavior, results related to platelet aggregation suggest 
that LPC may have a thromboprotective role. 
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FIGURE 1. Inhibition and subsequent potentiation of platelet function by lysolecithin. LPC 
(50 uM in final concentration) was added to washed rabbit platelets in suspension. After various 
periods of incubation the platelets were stimulated by either ADP (0), thrombin (О), or collagen 
(A). (From Joist ef a/.? With permission from Blood). 


These conflicting results led us to systematically study the behavior of platelets 
exposed for various time intervals to various concentrations of LPC.? LPC, when 
added to human or rabbit PRP, inhibited aggregation induced by low concentrations 
of ADP (3-5 uM). Inhibition was evident with final concentrations of added LPC as 
low as 100 uM. Similar inhibitory effects were noted for platelet aggregation induced 
by thrombin, collagen, and epinephrine. At concentrations of LPC below 200 uM, 
the inhibitory effect on aggregation induced by ADP, collagen, or thrombin in ci- 
trated PRP was partially reversible over a period of 60-90 min. The transient nature 
of the inhibition was evident when platelets were incubated with 50 uM LPC (FIGURE 
1). It caused an initial inhibition that was followed by a subsequent potentiation of 
platelet aggregability and of the release reaction, particularly with thrombin. These 
results have been confirmed by Bekemeir et a/.,'? who recently showed that low con- 
centrations (40 uM) of LPC caused a potentiation of ADP-induced platelet aggrega- 
tion in rat PRP, whereas concentrations above 200 uM were inhibitory. That the 
physiological plasma concentrations of LPC seem to be in the range of the critical 
concentration between potentiation and inhibition is noteworthy. Such data suggest 
that LPC may play a regulatory role in platelet aggregability. 

Another approach would be to study the effect of LPC upon the interactions 
among platelets, the plasma von Willebrand factor, and ristocetin. LPC caused a 
slight and inconstant potentiation of ristocetin-induced platelet aggregation (FIGURE 
2). To clarify the effect that LPC has in this system, a more extensive variation of the 
incubation conditions is required. During this investigation a striking phenomenon 
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FIGURE 2. Influence of LPC upon ristocetin-induced platelet aggregation and its interaction 
with inhibitors of platelet function. In B, 0.4 ml PRP was incubated for 7 min with 0.2 ml 
of a mixture containing equal amounts of PPP and a solution of LPC (4 mM) in saline. The 
final concentration of added LPC in this incubation mixture was about three times higher than 
physiological concentrations (200-300 uM). After incubation, 0.2 ml saline and 0.2 ml ristocetin 
(5.2 mg/ml) were rapidly added, and platelet aggregation was recorded for 5 min. In A, saline 
was substituted for LPC. 0.1 ml of aspirin (50 mg/ml) was added in C and D. 0.1 ml of indo- 
methacin (100 mg/ml) produced the same effects. 


became apparent. In contrast to control samples, ristocetin-induced platelet aggrega- 
tion in LPC-treated PRP was completely inhibited by aspirin or indomethacin. The 
same total inhibition was noted with 0.1 ml of a dipyridamol solution (1 mM). In the 
absence of LPC, these inhibitors had no effect upon ristocetin-induced platelet ag- 
gregation. А report by Jenkins ef a/.'' indicated that various inhibitors of ADP- 
induced platelet aggregation, such as EDTA, EGTA, PGE, and adenosine, did not 
inhibit the aggregation response to ristocetin, but prevented the appearance of the 
second wave observed in PRP. In the same study, aspirin did not inhibit the initial 
response of ristocetin-induced platelet aggregation but depressed the second wave 
caused by the release reaction. In our experiments there was no relationship between 
inhibition of release and aggregation phenomena because aspirin depressed the ris- 
tocetin-induced release of '*C-labeled serotonin in both LPC-treated PRP and in the 
control sample. One explanation for the effect of LPC is that it has modified the 
membrane environment around the cyclooxygenase, making it susceptible to aspirin 
inhibition. It is also possible that LPC causes a rearrangement of platelet receptors 
(glycoprotein Ib) inside the platelet membrane, rendering them more available to 
both the von Willebrand factor and the inhibitors. 


Modification of Platelet Adhesive Properties by Lysolecithin 


Another important platelet function to be considered is its interaction with 
blood vessel walls. As a model to study this process, we have examined the adhesive- 
ness of platelets to glass, as described by Perlick.!? A significant increase in the per- 
centage of adhesive platelets was noted after incubation for 40 min in PRP contain- 
ing LPC (350 uM) compared to saline controls (FIGURE 3). To examine how certain 
disease states influenced the effect of LPC on adhesion, platelets in PRP from pa- 
tients suffering from cirrhosis of the liver and hyperlipemia-associated atherosclero- 
sis were compared with those from control subjects (FiGuRE 3). Without LPC, the 
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FiGURE 3. Effect of LPC upon platelet adhesiveness in control subjects, patients with liver 
cirrhosis (cirrh.), and atherosclerotic patients (Ats.). Results are the mean + SEM. 


platelets from cirrhotic individuals showed a lower adhesiveness than controls, 
whereas atherosclerotic individuals showed a higher adhesiveness. LPC exerted the 
greatest stimulation on the platelets from the cirrhotic individuals. One possible ex- 
planation could involve lecithin:cholesterol acyltransferase (LCAT) activity. This ac- 
tivity is reduced in severe liver disease? and hence the endogenous production of 
LPC is diminished. Platelets from cirrhotic patients may have membranes deficient 


in LPC or altered in some other way that makes them more susceptible to the effects 
of LPC. 


Interactions Among Platelets, LPC, and Von Willebrand Factor 


The adhesion of platelets to the subendothelial layers of the vessel wall in part 
depends оп a plasma factor, the von Willebrand factor (VII R: WF), and involves a 
receptor on the platelet membrane, glycoprotein I (ОРІ). The involvement of these 
proteins is evident from deficiency diseases. Reduced adhesion of platelets to the 
subendothelium occurs in patients with a deficiency in factor VIII (von Willebrand’s 
disease) and those whose platelets lack glycoprotein I (Bernard-Soulier syndrome).!* 
A clear separation of aggregation and adhesion properties occurs in these diseases as 
platelets aggregate normally with ADP in spite of their impaired adhesive properties. 

Evidence from our laboratory emphasizes that the plasma level of УШ R: WF 
was normal in hyperlipemic patients without clinical atherosclerosis, moderately ele- 
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FiGURE 4. Schematic representation of possible disturbances of the interaction between 
platelet receptors (glycoprotein I, GP I) and endothelium-produced von Willebrand factor 
(VIIIR: WF). 


vated in atherosclerotic patients with an obvious progression of the clinical symp- 
toms, and greatly increased in patients with myocardial infarction, in postoperative 
conditions, and in toxemia of ргерпапсу.!? These results suggest that factor VIII is 
involved in the progression of atherosclerosis. The possible relationships between 
platelet diseases, factor VIII, ОРТ, and LPC are illustrated in Ficure 4. In view of 
the implications of an altered receptor function affecting platelet functions, the in- 
teraction between LPC and the glycoprotein I receptor warrants further attention. It 
is possible that high levels of factor VIII and an increased availability of the glyco- 
protein receptors might be particularly relevant for thromboatherogenesis. 


The Relationship Between Hyperlipemia and Thrombotic Complications 


Clinical evidence indicates that obesity, hypertension, diabetes mellitus, hyper- 
uricemia, and vascular disease are frequently associated with a marked tendency to- 
wards thrombotic complications.!5-?? These disorders seem to occur mainly in hyper- 
triglyceridemic patients,?? but the detailed mechanisms leading to their association 
are still poorly understood. One of the main focuses in our laboratory has been to at- 
tempt to establish a relationship between hyperlipoproteinemia (HLP) and throm- 
botic tendency. 

The liver is a vital organ in both lipoprotein synthesis and the synthesis of hemo- 
static factors. A working hypothesis relating relevant liver functions is illustrated in 
Ficure 5. The levels of various liver-produced plasma factors, such as vitamin K-de- 
pendent clotting factors and fibrin-stabilizing factor XIII, have been shown to sig- 
nificantly increase in hyperlipidemic subjects, especially in those with endogenous 
hypertriglyceridemia.?'?* It has also been established that the increased resistance to 
fibrinolysis of the clots from diluted blood obtained from hypertriglyceridemic sub- 
jects is at least partially caused by the high level of plasma factor XIII and by the 
subsequent enhanced binding of the a; plasmin inhibitor to the fibrin network.?*25 
Since other liver secretion enzymes (such as serum cholinesterase? and LCAT?®?’) 
were also found to be increased in patients with hyperlipoproteinemia (HLP) types 
IIb and IV, the changes in hemostatic factors could be the result of enhanced hepatic 
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FIGURE 5. The possible relationship in liver between endogenous hypertriglyceridemia, ac- 
celerated turnover of the lipoproteins, induction of several hepatic enzymes and plasma proteins, 
and thrombotic tendency. 


syntheses. Endogenous hypertriglyceridemia and increased synthesis of liver secre- 
tion enzymes could be different effects of a common cause. That is a response of ge- 
netically hyperreactive hepatocytes to various stimuli and inducing agents, which 
might be represented by xenobiotics as well as by endogenous metabolites and hor- 
mones. 

Since one of the products of the LCAT-catalyzed reaction is LPC, an increased 
synthesis of LCAT may produce an increase in serum LPC. An increased concentra- 
tion of LPC was reported in the aorta and serum of squirrel monkeys with nutrition- 
ally induced atherosclerosis. The atherosclerotic monkeys were also found to display 
a higher LCAT activity and a modified distribution of LPC within the various lipo- 
protein classes.??? This supports a hypothesis that LPC might represent one of the 
pathogenic links between disturbances of lipid metabolism, abnormal platelet behav- 
ior, and thromboatherogenesis. 

Data concerning the behavior of platelets in the various types of hyperlipopro- 
teinemia (HLP) are rather conflicting. A shorter in vivo survival time of labeled 
platelets was reported in hypertriglyceridemic patients, but not in pure hypercholes- 
terolemia.?? In the latter patients an increased platelet aggregability was found.?!?? 
As mentioned earlier, results obtained in our laboratory indicate that platelet adhe- 
siveness to glass is enhanced mainly in those HLP patients with obvious vascular dis- 
ease.? These results suggest that abnormal platelet behavior is related to lesions of 
the arterial wall rather than to a peculiar pattern of serum lipoproteins. A shortened 
in vivo platelet-survival time was noted in patients with arterial thrombosis?* and an 
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enhanced in vitro responsiveness to ADP was reported mainly in atherosclerotic pa- 
tients with a high frequency of arterial thrombi, particularly in periods with obvious 
progression of the clinical symptoms.” It was also suggested that endothelial damage 
and disturbed blood flow might be accompanied by an enhanced removal of circulat- 
ing platelets coupled with a subsequent accelerated production of young platelets 
with increased reactivity.?9 Any relationship between HLP and abnormal platelet be- 
havior might therefore be indirectly determined by endothelial lesions resulting from 
a sustained atherogenic hyperlipoproteinemia. 

This point of view is supported by experimental data obtained by cross transfu- 
sions of labeled platelets in hypercholesterolemic-atherosclerotic and normolipid- 
emic monkeys. Such experiments demonstrated that the reduction in circulating 
platelet survival time is mainly caused by endothelial lesions subsequent to hypercho- 
lesterolemia and not by a direct effect of plasma lipids upon the circulating 
platelets.?? 

Rather few clinical investigations exist concerning the behavior of plasma LPC 
in cardiovascular disease associated with thromboatherogenesis. LCAT activity was 
found to be increased in endogenous hypertriglyceridemia,?*?? and an enhanced pro- 
duction of LPC is to be expected in such a condition. Plasma LPC levels were ele- 
vated in the nephrotic syndrome, which is usually accompanied by HLP.* The 
acute-phase reaction occurring in myocardial infarction leads to a decrease in LCAT 
activity?? and in plasma LPC levels.^? Severe liver disease is also characterized by low 
LCAT activity and decreased LPC concentration in plasma.!5 Therefore, the acute- 
phase reaction and liver disease should be excluded when considering the low levels 
of plasma LPC reported in cardiovascular patients.?:? 

In considering plasma LPC levels it must be remembered that LPC is produced 
not only through the LCAT-mediated reaction but also by phospholipase action on 
plasma lecithin.^' Also, plasma LPC levels represent the balance between its produc- 
tion and its removal, by cell or tissue uptake or by its metabolism to PC or glycero- 
phosphorylcholine. 

The above evidence indicates that further studies of LPC turnover in HLP and 
cardiovascular disease are required. Such studies should be directed at the role of 
LPC in influencing various membrane functions in platelets. 
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Erythropoietin is a glycoprotein hormone synthesized primarily in the kidney in 
response to a decline in the oxygen content of arterial blood.*~* Large amounts are 
produced in response to hypoxia and other oxygen-deficiency states. The hormone 
promotes the proliferation and differentiation of medullary red cells, hemoglobin 
synthesis, and reticulocyte release from bone marrow. 

Mature, anucleated erythrocytes were thought to be insensitive to erythropoie- 
tin. However, when we examined ribose uptake in mature cells, an activity that is in- 
creased in immature cells by erythropoietin, it too was observed to increase in re- 
sponse to erythropoietin in a concentration-dependent manner. This finding 
prompted us to study in more detail the interaction of erythropoietin with red cell 
тетбгапез.5 We have studied the distribution of erythropoietin in blood between se- 
rum and the erythrocyte surface, the binding characteristics of erythropoietin to the 
erythrocyte membrane, and some properties of the membrane receptors for erythro- 
poietin. 


EXPERIMENTAL PROCEDURES 


Endogenous erythropoietin secretion was induced by hypobaric hypoxia (0.5 
atm) of various durations, by hemolytic anemia produced with phenyl hydrazine, by 
repeated bleeding, or by the administration of exogenous erythropoietin. This eryth- 
ropoietin was extracted either from the urine of patients with hypoplastic anemia or 
from the serum of sheep bled to a hematocrit of 12-15%, using methods previously 
described.’ The isolated extracts contained 2-20 U/mg. 

Erythropoietin activity was estimated by two methods. The increase in the rate 
of 5°Ее incorporation into red cells following the injection of extracts into rats was 
used as described by Plzak еі а/.5 The other method, developed in our laboratory, re- 
lies on the stimulation of ribose uptake by red cells iz vitro in response to the hor- 
mone (I. Baciu and Liana Ivanof, unpublished). The effect of erythropoietin on ri- 
bose uptake is illustrated іп Figure 1. The results of these two tests are essentially 
identical (FIGURE 2) where erythropoietin release in rats in response to hypoxia was 
followed. In some experiments, both assays were used, whereas in others only one 
was used. 


REsULTS 
The Distribution of Erythropoietin Between Serum and Red Cells 


Binding of erythropoietin to erythrocytes was determined in vivo in hypoxic rats 
(exposed to 0.5 atm for 22 hours). When the hematocrit level was raised by hyper- 
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FiGURE 1. Effect of erythropoietin (Ep) on ribose uptake by erythrocytes. 
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FIGURE 2. A comparison of 52Ғе incorporation and ribose uptake by erythrocytes in hypoxic 
rat serum, where ribose uptake has been converted to U Ep/ml by reference to a standard curve. 
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TABLE 1 


THE RELATIONSHIP BETWEEN THE HEMATOCRIT LEVEL AND THE CONCENTRATION OF 
SERUM ERYTHROPOIETIN IN Hypoxic Rats AND Hypoxic RATS 
HYPERTRANSFUSED WITH NORMAL ERYTHROCYTES 


Controls No. of Animals Hematocrit % U Ep/ml Serum 
Controls 7 45.5 ND 
Hypoxic 6 48.8 0.85 
Hypoxic hypertransfused 6 60 0.675 
Hypoxic hypertransfused 8 68 ND 


N.D. = Not Detectable, Ep = erythropoietin. 


transfusion with normal erythrocytes, erythropoietin activity decreased as the hema- 
tocrit level increased (Таві 1). At the highest hematocrit level used, 68%, по activ- 
ity was detected. 

Additional data were obtained in vitro on suspensions of human red cells in hy- 
poxic serum containing 3.6 U/ml at various hematocrit levels. Testing the erythro- 
poietin that remained in the supernatant after 30 minutes at 37°C, it was found that 
the hormone concentration decreased as the hematocrit increased (TABLE 2). 

This distribution of erythropoietin between the incubation medium and erythro- 
cyte suspensions in vivo and in vitro is in agreement with the findings of other re- 
search workers. Thus, Adamson,? Adamson and Ғіпсһ,!9 Hammond et al.,"* and 
Alexanian" reported a negative correlation between hematocrit levels and plasma or 
urinary erythropoietin concentrations; however, such a correlation was not apparent 
in polycythemia and anemia. We consider that these data can be explained by eryth- 
ropoietin binding to red cells. A significant rise in plasma erythropoietin occurs only 
at low hematrocrit levels. 


Erythropoietin Binding to Red Cells 


Erythropoietin binding to red cells could represent a nonspecific attachment to 
the membrane or a specific binding to a receptor. In order to discriminate between 
these two possibilities, several types of experiments were carried out in vitro on intact 
erythrocytes and ghosts. 

The time course of binding was followed by incubating erythrocyte suspensions 
(hematocrit 41%) in hypoxic serum at 37°C. Erythropoietin was determined in the 
erythrocyte supernatant at 30 and 60 minutes. From the initial value of 3.9 U/ml, 
erythropoietin decreased to 2.2 U/ml at 30 min and disappeared totally by 60 min. 


TABLE 2 


ERYTHROPOIETIN CONCENTRATION IN SERUM FOLLOWING INCUBATION OF 
SUSPENSIONS OF HUMAN ERYTHROCYTES OF VARIOUS HEMATOCRITS 


m Hematocrit % U Erythropoietin/ml Serum 
- 3.6 
33 2.48 
42 2,48 
55 1.74 


74 0.30 
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The saturation of binding sites for erythropoietin on erythrocytes was shown by in- 
cubating hypoxic red cells in hypoxic serum. In 30 min at 37?C, normal erythrocytes 
were able to reduce the hormone concentration in hypoxic serum from 1.1 U/ml to 
0.2 U/ml. Erythrocytes isolated from hypoxic rats (5 hours at 0.5 atm) however, 
could reduce the hormone concentration to only 0.8 U/ml. This indicates that nor- 
mal erythrocytes have a greater capacity to bind erythropoietin than erythrocytes iso- 
lated from hypoxic blood, and suggests that the bulk of the erythropoietin-binding 
sites are occupied on hypoxic erythrocytes because of their exposure to the hormone 
released during the hypoxia. 

The limited binding of erythropoietin to the hypoxic erythrocytes also suggests 
that the hormone is not rapidly metabolized by erythrocytes, if at all. That the bound 
erythropoietin remains active was shown by analyzing ribose uptake by control cells 
after the 30-min incubation with hypoxic serum. The initial rate of ribose uptake in- 
creased from 0.277 ug/mg hemoglobin/hr to 0.455 ug/mg hemoglobin/hr. 

The effect of temperature on binding is illustrated in Figure 3. Substantial 
binding occurred at 0°C and binding increased with increasing temperature. As bind- 
ing of ligands to receptors at low temperature is normally indicative of non-specific 
binding, the effect of temperature suggests that the binding may consist of specific 
and non-specific components. 

Bound erythropoietin could be released from erythrocytes by lowering the pH 
to 6.5. Ninety percent was recovered following incubation at 4°C in 150 mM NaCl, 
pH 6.5, for 12 hours. This indicates that the eluted erythropoietin preserves the bulk 
of its activity. Transfer of bound erythropoietin and the preservation of its activity 
were demonstrated in vivo. Hormone was bound to red cell membranes (resealed 
ghosts) by incubation at 37?C for 30 min. Unbound erythropoietin was removed 
from the ghosts by three washings with 5 mM phosphate buffer (pH 8.0). The mem- 
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FIGURE 3. The effect of incubation temperature on the binding of Ep to erythrocytes. 
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FIGURE 4. Stimulation of erythroblast formation and its inhibition by propranolol following 
injection of 0.5 U Ep daily for three consecutive days. The statistical difference to controls was 
calculated. 


branes were resuspended in phosphate-buffered saline at a concentration of approxi- 
mately 1 mg protein/ml. Amounts of 0.5 mg membrane protein were injected intra- 
venously in mice. After three hours, blood was taken from the orbital sinus and 
tested for ribose uptake by the red cells. An increase in ribose incorporation of 41% 
was found compared to the control animals injected with nonadsorbed membranes. 
This demonstrates transfer of bound erythropoietin from resealed ghost membranes 
to erythrocytes in vivo and the preservation of erythropoietin activity after binding 
to the ghosts. 


Preliminary Characterization of Mature Red Cell Receptors for Erythropoietin 


Preliminary reports indicated that salbutamol, a beta-2 antagonist, had erythro- 
poietic effects, while the beta-blocking agents (propranolol) or beta-specific antag- 
onists (butoxamine) lowered the production of erythropoietin induced by һурохіа.13 
These experiments suggest that erythropoietin acts on the target cells through beta- 
adrenergic-type membrane receptors. Similar results were obtained in our laboratory 
with mice when erythropoietin (0.5 U daily) and propranolol (2.4 mg daily) were ad- 
ministered simultaneously on three consecutive days (I. Baciu, Cornelia Marina, and 
Coleta Zdrenghea, unpublished results). As shown in FIGURE 4, propranolol inhib- 
ited erythropoiesis. Propranolol also blocked *?Fe incorporation in mouse erythro- 
cytes following injection of anemic-rat serum (FIGURE 5). This suggests that erythro- 
poietin acts through a beta-adrenergic receptor in mature cells similar to the type of 
receptor active during erythropoiesis. 

The protein nature of the binding sites was confirmed by treatment of erythro- 
cyte membranes'* with trypsin (100 ug/mg membrane protein) or with chymotrypsin 
(200 ug/mg membrane protein), which abolished binding. Treatment of membranes 
with low ionic strength EDTA solutions (0.1 mM), which removes peripheral mem- 
brane proteins, 4 did not affect binding. This indicates that the receptor is an integral 
membrane protein, probably spanning the membrane. 
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Figure 5. Stimulation of *?Fe incorporation and its inhibition by propranolol in mouse 
erythrocytes isolated from mice injected with anemic rat serum (0.5 Ч Ep/ml). The statistical 
difference to the controls was estimated. 


DISCUSSION 


Erythropoietin is designated as the hormone stimulating erythroid cell mitoses. 
The medullary nucleated elements, forming a continual population, starting with the 
stem cells and continuing with erythroblasts, respond to erythropoietin by the syn- 
thesis of nucleic acids. The normoblasts, reticulocytes, and erythrocytes that do not 
divide any more do not exhibit this response. 

Goldwasser* proposed that erythropoietin may initially interact with receptors 
on erythroid cells and that the signal may be transmitted by means of a cytoplasmic 
factor. This factor, presumably a protein, may be formed or released under the ac- 
tion of the hormone and would initiate a specific nuclear transcription. Experimental 
evidence supports this type of hormone-receptor interaction with stem cell mem- 
branes and the membranes of the erythroid cells.!5'* Our data with beta-blockers in- 
dicate that the same type of interaction occurs between erythropoietin and erythro- 
blast membranes, although the response is different. 

The effect of erythropoietin on the erythrocyte membrane is unusual in that red 
cells lack the capacity to synthesize intracellular proteins and to replicate. Erythro- 
poietin binding to mature cells could have at least two functional consequences. Тһе 
first is that binding to the cell may act to remove hormone excess from the plasma, 
preventing its desialization and inactivation by tissues. As bound erythropoietin is 
not available to act on bone marrow cells, it may constitute a regulatory mechanism. 
Furthermore, as binding is reversible, it may be slowly released to stimulate erythro- 
polesis. 

The second consequence derives from the role of ribose as a precursor in the 
synthesis of nucleotides and 2,3-diphosphoglycerate (DPG) in erythrocytes. In our 
laboratory we are presently studying whether this hormone modulates DPG synthe- 
sis in mature red cells by increasing ribose uptake and utilization. DPG is known to 
be important in modifying hemoglobin affinity for oxygen. In instances of tissue 
oxygen deprivation including cardiac failure, anemia, and arterial oxygen desatura- 
tion, red cells have been observed to respond with an increase in intracellular РРС.’ 
This response has been postulated to involve DPG binding to hemoglobin, a de- 
creased intracellular pH, and an increased rate of glycolysis.' An attractive extension 
of this proposal is that erythropoietin synthesis, in response to oxygen deprivation, 
results in enhanced binding of erythropoietin to erythrocytes and a stimulation of in- 
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tracellular metabolism. Thus erythropoietin reacts in two ways to a decreased arterial 
oxygen: firstly, in erythropoiesis, and secondly, in decreasing hemoglobin affinity 
for oxygen. Both responses will increase tissue oxygenation but on different time 
scales. 
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INTRODUCTION 


In the beginning God created lipids and proteins. It really does not matter which 
came first. Spontaneously they joined forces to form membranes. Then God said: 
"Now it is time to labor and work." Some were set about to establish ion gradients, 
transport nutrients, and protect the cell from hostile chemical environmental attack. 
These became cell membranes. Others received permits to develop and evolve inside 
these newly established factories of life. They also learned how to pump ions (sarco- 
plasmic reticulum), contain the genetic material (nuclear membrane), trap degrada- 
tive enzymes (lysosomal membrane), form the site for protein synthesis (endoplasmic 
reticulum), and perform coupled electron transport (mitochondria). The subject of 
this report is not the architecture or biophysics of membranes, but the biochemical 
role a membrane plays in the performance of an essential cell function, the control of 
oxidative phosphorylation at the inner mitochondrial membrane of eukaryotic cells. 
The question asked is straightforward. In a cell, how are the rates of energy produc- 
tion regulated so that the bioenergetic demands of the tissue are met? 

The heart is an ideal organ for the study of this type of question. This is because 
more than 90% of the ATP required for cellular function is derived from the aerobic 
reactions of the mitochondrial electron transport chain.' Since there is only a minor 
contribution toward ATP production by glycolysis, measurements of the rates of tis- 
sue oxygen consumption quite closely reflect the rates of energy supply in the myo- 
cardium.? Over the years physiologists have defined the determinants of myocardial 
oxygen consumption (TABLE 1). These have conveniently been divided into major 
and minor determinants. The major factors include myocardial contractility, intra- 
myocardial wall tension (blood pressure and ventricular volume), and heart rate. Mi- 
nor determinants are fiber shortening (Fenn effect), activation energy, and basal 
(resting) metabolism. With respect to ATP utilization, it has been documented that 
these minor determinants constitute less than 10% of the ATP demand in the heart. 
Thus, the major energy demands of the heart can be quantitated by direct measure- 
ments of myocardial contraction. Therefore, the reason the heart is such an ideal or- 
gan for studying questions concerning the coordination of energy supply to cellular 
energy use is that both parameters can easily be measured, which makes integrated 
biochemical and physiological investigations possible. 


* Supported by United States Public Health Service Grants HL-20658 and P50 HL-17655 
for the Specialized Center for Ischemic Heart Disease. 
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TABLE 1 


DETERMINANTS OF MYOCARDIAL OXYGEN CONSUMPTION 


Major Minor 
Myocardial contractility Fiber shortening 
Intramyocardial wall tension Activation energy 
Heart rate Basal metabolism 


From the above discussion it is apparent that the rates of mitochondrial oxida- 
tive phosphorylation must be rigorously controlled to meet the ATP demands of the 
sarcoplasm. This phenomenon is called respiratory control, and how it is achieved is 
one of the critical issues in the field of cellular bioenergetics. For most tissues this 
problem probably involves the direct fluxes of the adenine nucleotides and inorganic 
phosphate. However, in tissues that contain creatine kinase (heart, brain, and skele- 
tal muscle), a more complicated picture has emerged in the past few years. Work 
from numerous laboratories? has now shown that creatine kinase plays an impor- 
tant, if not essential, role in the control and distribution of high-energy phosphate 
metabolites. A model of this is shown in Ficure 1. According to this diagram, the 
ATP produced by oxidative phosphorylation is transphosphorylated to phosphocre- 
atine by the mitochondrial isozyme of creatine kinase.*-!? Phosphocreatine then dif- 
fuses into the cytoplasm interacting with other isozymes of creatine kinase to regen- 
erate ATP.?"5 Where this occurs depends upon the cytoplasmic localization of the 
enzyme. In heart, more than 90% of the cytoplasmic creatine kinase is tightly associ- 
ated with subcellular components. These include the sarcolemmal membrane,** the 
sarcoplasmic гейсиит, 7": and the cardiac myofibrils.°-?? At these sites, ATP may 
be locally regenerated to energize the critical reactions of the excitation-contraction- 
relaxation cycle. The focus of this presentation is upon the reactions occurring at the 
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Ficure 1. Model for heart energy transport. Matrix ADP is phosphorylated to ATP by 
the reactions of oxidative phosphorylation. The nucleotides are translocated across the inner 
mitochondrial membrane by the adenine nucleotide translocase. At the exterior surface of the 
inner membrane, the mitochondrial isozyme of creatine kinase (СК а) interacts with ATP and 
creatine to form ADP and creatine phosphate. The ADP recycles into the matrix for rephosphory- 
lation to ATP. Creatine phosphate diffuses in the sarcoplasm to interact with the bound cyto- 
plasmic forms of creatine kinase (CK;). At these sites, ADP is locally transphosphorylated to 
ATP, which is then utilized for the bioenergetic reactions of contraction, including ion transport 
and fiber shortening. To complete the cycle, creatine diffuses back to CKm for rephosphoryla- 
tion to creatine phosphate. In this model, creatine phosphate is a carrier or transport molecule, 
directly linking ATP demand to its production, a view quite different from that of it being a 
simple energy reservoir, utilized only in emergency conditions. (From Jacobus & Ingwall.* With 
permission from Williams & Wilkins.) 
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left side of the model (Ғісож 1), the control and integration of heart oxidative phos- 
phorylation. 

In heart mitochondria this appears to involve the mutual activities of an intrin- 
sic membrane transport system, the adenine nucleotide translocase, and a peripheral 
membrane protein, the mitochondrial isozyme of creatine kinase. Several lines of in- 
vestigation have suggested that these two proteins act as a multi-step enzyme com- 
plex, functionally coupled for the aerobic production of phosphocreatine.?-75 This 
is a novel situation, for it represents the rare example of an enzyme complex involved 
in the dynamic coordination of a membrane transport protein and an enzyme. Even 
more interesting, however, is the fact that the adenine nucleotide translocase func- 
tions not only to supply substrate, ATP;,?5-?' but also to remove product, ADP,52? 
for the creatine kinase reaction. The data presented in this report suggest that the 
synergistic activity of these two proteins directly controls the rate of heart mitochon- 
drial oxidative phosphorylation and, thus, myocardial oxygen consumption. 


EXPERIMENTAL PROCEDURES 
Materials 


Тһе adenine and pyridine nucleotides, 4-(2-hydroxyethyl)-1-piperazineethane- 
sulfonic acid, ethylene glycol bis (B-aminoethyl ether)-N-N-N-N-tetraacetic acid, 
phosphoenolpyruvate, immobilized hexokinase, and the coupling enzymes were pur- 
chased from Sigma Chemical Co. (St. Louis, Mo.). The adenine nucleotides were the 
substantially vanadium-free grades. The enzymes were the following types: hexoki- 
nase, sulfate-free Type F-300 from yeast; lactic dehydrogenase, Type XI from rabbit 
muscle; glucose-6-phosphate dehydrogenase, sulfate-free Type IX from yeast; pyru- 
vate kinase, Type III from rabbit muscle; and agarose-immobilized yeast hexoki- 
nase. The insoluble hexokinase was purchased in 25-IU vials containing 3 M ammo- 
nium sulfate. Prior to use the enzyme was processed as previously described.?* Su- 
crose and glucose were obtained from J. T. Baker (Phillipsburg, N.J.), and all other 
reagents were of the highest purity commercially available. All solutions were pre- 
pared in deionized water. 


Mitochondrial Isolations 


Retired Sprague-Dawley breeder rats were used as the tissue source. The mito- 
chondrial fractions from heart and liver were isolated according to a modification of 
the method of Vercesi ef al.” The isolation medium contained 0.5 mM K-EGTA, 3.0 
mM K-HEPES (pH 7.4), 0.25 M sucrose, and Sigma protease (1 mg/g, trimmed wet 
weight of heart) replaced Nagarse for the heart isolations; no protease was used in 
the liver mitochondrial isolations. Standard methods of differential centrifugation 
were employed,” and care was taken to maintain solutions at 2°C. The yield of mito- 
chondrial protein averaged 10-12 mg per g heart. Respiratory control ratios varied 
from 4-9 for heart and 6-10 for liver (5 mM succinate and 5 uM rotenone). The 
ADP/O ratios were 1.4-2.2 for heart and 1.4-1.9 for liver fractions. The final mito- 
chondrial pellets were resuspended at 50 mg protein/ml for heart and 25 mg protein/ 
ml for liver. In both cases the fractions were stored at 2 to 4°C, and used within 3-4 
hr of isolation. Protein concentrations were determined by the method of Bradford?? 
with nitrogen-calibrated, crystallized bovine serum albumin used as the primary pro- 
tein standard. 
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Oxygraph Procedures 


Respiratory traces were obtained using a Clark oxygen electrode (Yellow 
Springs Instrument Co.) in a 3.0-ml water-jacketed oxygraph chamber maintained at 
37*C by а Haake E12 circulation heater. Voltage changes were recorded with a 
Heath-Schlumberger Model SR-2558 recorder. The oxygraph medium contained 
0.25 M sucrose, 3.0 mM HEPES, 2.0 mM KHP;, 5.0 mM K-succinate, 0.5 mM 
EGTA, 11 mM MgCl, and 5 uM rotenone at pH 7.2. Stock solutions were main- 
tained at 37°C. A value of 390 ng atoms of oxygen/ml was used for the solubility of 
oxygen at this temperature. Additional details concerning the sequence of additions 
are indicated in the figure legends. The protein concentrations were 0.15 mg/ml for 
heart and 0.5 mg/ml for liver. 


Sample Extractions 


Within 10 sec after the addition of hexokinase, steady-state rates of respiration 
were achieved and remained linear for an additional 2.0 min. At 1.0-1.5 min, a 
2.5-ml sample was removed and added to 0.75 ml of 18% НСІО,. The mixture was 
immediately filtered using 0.45-um Millipore filters and neutralized with 0.25 ml of 5 
M К,СО,. The resultant crystals of potassium perchlorate were removed by centrifu- 
gation at 3000 x g for 15 min. The supernatant solution was decanted and frozen for 
nucleotide and P; analysis. 


Determination of ATP, ADP, and P, 


ATP was determined by a spectrophotometric assay previously described.?? The 
content of ADP was assayed using a lactic dehydrogenase-pyruvate kinase spectro- 
photometric assay.?^ In both cases, the samples were corrected for matrix nucleotide 
content.?* 

Inorganic phosphate was measured by a colorimetric method.?* A 0.1-ml sample 
of the extract was added to the molybdate mix and the color was allowed to develop 
for 10 min. The optical density of the solution was measured at 660 nm using a Gil- 
ford 2400 spectrophotometer. 


Estimation of Apparent Ky ADP 
To determine the apparent Km values for ADP transport reported in TABLE 3, 
the measured ADP concentrations were plotted versus respiratory rates in double-re- 
ciprocal form, and the lines fit by the linear-regression program of the Hewlett- 
Packard 9810A calculator/plotter. In all cases, the R? values were greater than 0.90. 
RESULTS AND DISCUSSION 
Respiratory Control by ADP Availability 
When intact mitochondria are suspended in oxygraph medium containing respi- 


ratory substrate, oxygen is consumed at a slow rate. This endogenous rate has been 
called State 4. It is well appreciated that in medium containing sufficient P;, the addi- 
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tion of ADP leads to a marked acceleration in the rate of respiration, termed State 3. 
Upon completion of the phosphorylation of the added ADP to ATP, the rate of 
mitochondrial respiration decreases. If the mitochondria are well coupled, oxygen 
consumption returns to the initial State 4 rate. This simple phenomenon is called res- 
piratory control. From the standpoint of cell physiology, most tissues consume оху- 
gen at rates calculated to be faster than State 4, but significantly slower than State 3. 
The rates of tissue oxygen consumption can vary widely depending upon the physio- 
logical status of the tissue.? How these intermediate rates of respiration are achieved 
has been the subject of considerable debate for nearly 30 years.?9-5?* Chance and Wil- 
liams?*?? in the mid 1950s proposed that the rates of respiration graded between 
State 3 and State 4 were a direct function of ADP availability. They reported that the 
apparent Km for ADP-stimulated respiration was between 20-30 uM. Complications 
arose when people assayed the ADP content of tissue and found it to be much higher 
than the expected control range. Therefore, Klingenberg іп 196138 postulated that 
the extramitochondrial phosphorylation potential, [ATP]/[ADP] x [Pi], was the 
metabolic parameter controlling the immediate rates of tissue oxygen utilization. 


ATP (1.0 mM) 


No HK 


150 ngm 0.02 IU 
Atoms 


Oxygen 0.06 Ш 


0.2 IU 


= ADP State 3 


Figure 2. Hexokinase-induced graded respiratory rates. The 3.0-ml oxygraph chamber con- 
tained 0.25 M sucrose, 3 mM HEPES, 2 mM КНР), 5 mM K'-succinate, 11 mM MgCl., 20 
mM glucose, 5 uM rotenone at рН 7.2, 37°C. At the indicated points, 1.5 mg of rat liver mito- 
chondrial protein (RLM), ATP (1.0 mM), and the indicated concentrations of yeast hexokinase 
(HK) were added. The State 4 rate of respiration is indicated by the No HK line. The State 
3 rate, shown as the dashed line, was determined from the pulsed addition of 600 nmol of ADP 
into medium containing 1 mM ATP, but lacking glucose and hexokinase. (From Jacobus et al.” 
With permission from Journal of Biological Chemistry.) 
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This hypothesis has received much experimental support in the meantime.??-^* 


Twelve years later, Slater ef а/.5 postulated that respiratory control was a function 
of the [ATP]/[ADP] ratio, and thus somewhat independent of the concentration of 
P;. This was based in part on the observation that ATP and ADP interacted at the 
adenine nucleotide translocase in a competitive manner. Therefore, kinetic control at 
the level of the translocase could modulate respiratory rates. This alternative theory 
has also been supported by a number of reports.*’ °° One of the classic approaches to 
the study of respiratory control is illustrated in FiGuRE 2. This figure shows the oxy- 
gen-electrode traces when intact rat liver mitochondria (RLM) are incubated in oxy- 
graph medium containing 20 mM glucose. At the indicated point, 1.0 mM ATP is 
added to provide substrate for the hexokinase reaction: ATP + Glucose > ADP + 
Glucose 6-Phosphate. To grade the steady-state rates of respiration, varying 
amounts of enzyme are added to the oxygraph chamber to initiate the hexokinase re- 
action and thus generate different steady-state concentrations of ADP. In this case, 
the rate of ADP production is limited by the quantity of added hexokinase. The 
ADP product is translocated into the mitochondrial matrix to stimulate oxidative 
phosphorylation. Therefore, as shown in FIGURE 2, by increasing the content of hex- 
okinase, one observes faster rates of oxygen consumption. The addition of 0.75 IU 
to the 3.0-ml system leads to a rate that is just slightly faster than State 3. The data of 
FiGURE 3 show the complete titration curve for the rates of respiration versus enzyme 
content. We see that there is little or no further acceleration in respiration with en- 
zyme additions above 0.75 IU. The respiratory capacity is saturated at this activity of 
hexokinase. 

Using this protocol, we initiate the steady-state rates of respiration by enzyme 
addition. After waiting approximately 1.0 to 1.5 min, a 2.5-ml sample is removed, 
perchloric acid extracted, neutralized with potassium carbonate, centrifuged, and 
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FIGURE 3. The complete titration curve for hexokinase-stimulated respiration. Conditions 
are as described in FIGURE 2. The abscissa represents the total IU of hexokinase added to the 
3.0-ml medium. The ordinate is respiratory rate calculated as a percent of the control ADP- 
induced State 3 rate, measured as described in FIGURE 2. (From Jacobus er а/.33 With permission 
from Journal of Biological Chemistry.) 
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then supernatant assayed for the content of ATP, ADP, and Р;, by methods de- 
scribed in EXPERIMENTAL РВОСЕРОВЕ$. From these analytical data, one then calcu- 
lates the phosphorylation potential values or the [ATP]/[ADP] ratios. These are 
then plotted as a function of mitochondrial respiratory rate (FIGURE 4). In FIGURE 4 
we see that when either the log phosphorylation potential or the [ATP]/[ADP] ratio 
decreases, there is an increase in the rate of respiration. These results are quite simi- 
lar to those reported from a number of laboratories. However, from the cellular 
standpoint there are problems with these data. TABLE 2 presents current estimates of 
the cytoplasmic phosphorylation potential and [ATP]/[ADP] ratio in heart, liver, 
muscle, and brain. The measured values were derived from the analysis of perchloric 
acid extracts of these tissues?! while the calculated values were derived from en- 
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Ficure 4. Correlation of respiratory rates to phosphorylation potentials (A) and [ATP]/ 
[ADP] ratios (B), at constant [ATP] and variable hexokinase. Respiratory data were taken from 
Ficure 3. Within 1 min after the addition of hexokinase (FiuRE 2), 2.5-ml samples were removed, 
acid-extracted, and assayed for [ATP], [ADP], and [Pi] as outlined under EXPERIMENTAL Рко- 
CEDURES. From these data, the indicated ratios were calculated. Phosphorylation potential data are 
expressed as М“. (From Jacobus ef al.” With permission from Journal of Biological Chemistry.) 
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TABLE 2 


COMPARISON OF ESTIMATED AND MEASURED WALUES FOR TISSUE POTENTIALS 
AND [ATP]/[ADP] Ratios 


Tissue Measured Calculated 


Log cytoplasmic phosphorylation potential 


Brain Bele 4.48% 
4.531 

Muscle ISSUE 4.43* 
Liver DATE al ДЫ 
Heart 2.591 4.881 

Cytoplasmic [ATP]/[ADP] ratios 

Brain 3,59% 82% 
901 

Muscle 8.72 218* 
Liver 2.65* 78* 
Heart 5.70 5341 


Data derived from: * Veech er а/.,51 T Ackerman er al., t Williamson et а/.,9 and í Kohn 
et al.®? 


zyme equilibrium data, Р NMR of the intact brain,?? or from the computer analy- 
sis of heart adenine nucleotides. In TABLE 2 we note that these new phosphoryla- 
tion potentials, or [ATP]/[ADP] ratio values are at least ten-fold higher than those 
previously estimated from the analysis of acid-extracted tissues.5?-5! This results from 
the fact that the tissue content of ADP is quite low.5'9 We presume that the reason 
for this is that in vivo a large fraction of the acid-extracted ADP was tightly bound to 
proteins. Tightly bound ADP would not be detectable by NMR, as well as being 
thermodynamically inconsequential. Thus, the data of TABLE 2 raise a significant 
new question: How do cells have rapid rates of respiration? when the cytoplasmic 
phosphorylation potentials and [ATP]/[ADP] ratios are high and thus fall in the 
presumed inhibitory range? 

In order to resolve this apparent and important paradox, a new series of experi- 
ments were performed. In this protocol the content of hexokinase was held constant 
at an amount such that the maximum rate of respiration in the presence of 1 mM 


TABLE 3 


APPARENT Ky, ADP VALUES FOR RESPIRATORY STIMULATION 


Constant ATP Constant Enzyme 

Rat liver mitochondria 

Direct ADP 22.6 

Agarose hexokinase 40.0 221.3 

Yeast hexokinase 56.0 14.6 

Skeletal muscle creatine kinase 26.2 12.5 
Rat heart mitochondria 

Direct ADP 15 

Agarose hexokinase 24.2 19,5 

Yeast hexokinase 13.9 6.8 

Endogenous creatine kinase 2.8 


АП Km values were derived from linear regression of double-reciprocal plots and are ex- 
pressed as uM concentration values. 
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ATP was approximately 90% of the ADP State 3 rate. We assumed that under these 
conditions the rate of ADP production by hexokinase could never overdrive the ca- 
pacity of electron transport and oxidative phosphorylation to rephosphorylate ADP 
to ATP. Therefore, these reactions could not be rate limiting. Under the conditions, 
it was possible to change the steady-state rates of respiration by varying the concen- 
tration of ATP initially added to the oxygraph chamber. In FIGURE 5 we see that as 
we increase the content of ATP from 5 uM to 10 mM, one progressively increases the 
rate of respiration in a manner similar to the results seen in Figure 3. Constant 
steady-state rates of respiration were easily achieved. However, when we extract 
samples and compare the phosphorylation potential data and the [ATP]/[ADP] ra- 
tios to the respiratory rates, a picture quite different from FIGURE 4 emerges. The 
data of FIGURE 6 correlates low rates of respiration to low phosphorylation potential 
or [ATP]/[ADP] ratio values, and as these parameters increase the rates of respira- 
tion also increases. The data of this Ficunz are thus strikingly opposite to the data of 
Ficure 4. Therefore, when one compares the data of FicunEs 4 and 6, one is drawn 
to the conclusion that neither the extramitochondrial phosphorylation potentials nor 
the [ATP]/[ADP] ratios can be the absolute parameters that control the rates of res- 
piration. If such were the case, then the data from the two protocols should be equiv- 
alent and this clearly is not the case. In fact, at a constant log phosphorylation poten- 
tial value of 3.7 (FiGunE 6A), or ап [ATP]/[ADP] ratio value of 10 (FicuRE 6B), the 
rates of respiration vary between 35% to 120% of State 3. Therefore, these data 
alone (ҒісувЕ 5) show that there is little meaningful correlation between these meta- 
bolic parameters and the rates of mitochondrial respiration. 

How do we reconcile this apparent discrepancy? The data of FicunE 7 show the 
correlations between the concentrations of ADP and respiratory rates. In both in- 
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Ficure 5. Titration curve for respiratory stimulation at constant hexokinase and variable 
[АТР]. The amount of hexokinase added was limited to that sufficient to stimulate respiration 
to approximately 90% ADP State 3. The indicated concentration of ATP was added first, then 
followed by the addition of hexokinase. The inset presents data at low concentrations of ATP, 
between zero and the first data point in the full figure. (From Jacobus ef al.” With permission 
from Journal of Biological Chemistry.) 
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FiGURE 6. Correlation of respiratory rates to phosphorylation potentials (А) and [ATP]/ 
[ADP] ratios (B), at constant hexokinase and variable [ATP]. Respiratory rates were taken from 
Figure 5 and samples were processed as described іп FIGURE 4. (From Jacobus ей al.” With 
permission from Journal of Biological Chemistry.) 


stances respiratory rates increase as a function of ADP concentration. These data, in 
double-reciprocal format, can be used to estimate the apparent K,, ADP for respira- 
tory stimulation (FicuRE 8). The values from this figure are 56 uM for the condition 
of constant АТР (1.0 mM), and 14.6 uM with constant hexokinase. These differ- 
ences likely reflect the competitive inhibition of ADP binding to the adenine nucleo- 
tide translocase in the presence of the high background 1 mM ATP. The data of Fic- 
URES 7 and 8 thus support the initial notion of Chance апа Williams?*3’ that ADP 
availability was the parameter controlling the rates of cellular respiration. 

In summary, we believe that the best interpretation of these data is that respira- 
tory control is simply a function of the rate of transport of ADP into the mitochon- 
drial matrix (Ficunzs 7 and 8), mediated by the kinetic properties of the adenine nu- 
cleotide translocase.‘ 
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FIGURE 7. Respiratory rates as a function of [ADP]. (A) the condition of constant [АТР] 
and variable hexokinase (FIGURE 4). (B) the condition of constant hexokinase and variable [ATP] 
(FIGURE 6). (From Jacobus ef al.33 With permission from Journal of Biological Chemistry.) 


Microcompartmentation of ADP Production 


It is well appreciated that within the cell there exist a series of microcompart- 
ments. These can most easily be defined by observable diffusion barriers, i.e. intra- 
cellular organelles with limiting membranes. Examples are the mitochondrial matrix, 
the sarcoplasmic reticulum, and the volume encased by the lysosomal membranes. In 
short, these represent specific compartments clearly defined by unique membranes. 
It has also been suggested that within cells other forms of microcompartments may 
exist. These can be the result of diffusion barriers, enzyme-enzyme proximity, 
bound-water effects, and Nernst unstirred layers.5^ Each of these parameters can 
lead to the kinetic enhancement of an enzymatic reaction. Such effects have been de- 
scribed for natural, as well as artificial, multi-step enzyme complexes.$575? In a simi- 
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FIGURE 8. Double-reciprocal plots of 1/ADP State 3 respiratory rates versus 1/[ADP]. Data 
were derived from FIGURE 7. (From Jacobus et al.” With permission from Journal of Biological 
Chemistry.) i 


lar manner, such effects can also influence the kinetics of transmembrane metabohte 
transport. With respect to transport across the inner mitochondrial membrane by 
carrier systems, there are three relevant compartments: the extramitochondrial 
space, the outer membrane, and the intramembrane space or surface of the inner 
membrane (Ficunz 9). Thus, with respect to the control of cellular respiration, it is 
quite possible that the adenine nucleotide translocase might be sensitive not only to 
ADP availability, but the kinetics of translocation may also be influenced by the 
compartment in which the ADP was initially generated. If true, these three regions 
could therefore represent unique microcompartments within the cell. 

To test this hypothesis of “vectorial” ADP production, three ADP-generating 
systems were employed (Ficunz 9). To simulate ADP generation in the cytoplasm, 
we used agarose-immobilized hexokinase (FicuRE 9A). Bound to a large agarose 
bead, it is improbable that the enzymes could come in close proximity to the translo- 
case or interact with the hexokinase-binding protein of the outer membrane.” As a 
model of outer membrane ADP generation, we used yeast hexokinase (FiGuRE 9B). 
It is well understood that hexokinase can bind to a specific hexokinase-binding pro- 
tein localized in the outer membrane, and that the binding of the enzyme is regulated 
by various metabolites. This represents the second system. The endogenous heart 
mitochondrial isozyme of creatine kinase represents the third condition, an enzyme 
that generates ADP in close proximity to the translocase.?*-2° Intact rat liver and 
heart mitochondria were incubated in the presence of these enzymes, with ATP held 
constant at 1.0 mM and enzyme activity varied, or enzyme activity held constant and 
ATP titrated. In the cases of hexokinase, the concentration of glucose was 20 mM; 
with creatine kinase the creatine concentration was also 20 mM. These are saturating 
concentrations of phosphate acceptor. Otherwise, the reaction protocols were nearly 
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Ficure 9. Model for compartmentalized ADP formation. (A) Simulation of cytoplasmic 
ADP formation using yeast hexokinase (HK) bound to large agarose beads. (B) Simulation of 
ADP generated near the surface of the outer membrane using soluble yeast hexokinase. (C) 
Simulation of ADP formation in the close proximity of the adenine nucleotide translocase (T) 
utilizing the endogenous mitochondrial isozyme of creatine kinase (CKm).2>?? Other abbrevia- 
tions are: OM, outer mitochondrial membrane; IM, inner mitochondrial membrane; G6Pi, 
glucose 6-phosphate; and PCr, phosphocreatine. 


equivalent to those used for Ficures 7 and 8. After steady-state rates of respiration 
were achieved, samples were removed, extracted and assayed for [ADP]. These data 
were plotted in double-reciprocal form and estimates of Km derived from the extrap- 
olated abscissa intercepts. In all cases, the estimation of [ADP] was corrected for the 
small contribution by matrix ADP.”8 

In TABLE 3 we report the estimates of the apparent Km ADP for these three sys- 
tems, measured in sucrose oxygraph medium. Also reported are data derived from 
the direct addition of known concentrations of ADP. The important point that 
emerges from these studies is the fact that the apparent K, for ADP translocation is 
markedly influenced by the location of ADP generation. The highest Km values are 
observed for the direct addition studies, or those reactions with the immobilized hex- 
okinase. The lowest K,, value is observed for the endogenous heart mitochondrial 
creatine kinase. These results are consistent with much previous data concerning the 
special relationship between mitochondrial creatine kinase and the adenine nucleo- 
tide translocase (FiGuRE 10).'1.23-2 These data suggest that in heart muscle ADP gen- 
erated by mitochondrial creatine kinase will have kinetic preference for transloca- 
tion. Thus it appears that the rate of the forward creatine kinase reaction could be 
the dominant system regulating the rates of heart oxygen consumption. 

The validity of the previous statement is further enhanced when one considers 
another aspect of ADP transport, namely its inhibition by ATP. When we compare 
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Figure 10. Model for the coupling of phosphocreatine synthesis to oxidative phosphoryla- 
tion at the inner mitochondrial membrane. Abbreviations used are FoF), proton-translocating 
ATPase; ADPzg and АТР, exogenous nucleotides; ADP» and ATP», nucleotides in proximity 
of CK,,-active site; ADP; + ATP), matrix nucleotide pool; and Cr and CrP, creatine and 
creatine phosphate, respectively. (From Moreadith & Jacobus.” With permission from Journal of 
Biological Chemistry.) 


our data to the reported kinetic properties of the translocase, some discrepancies be- 
come apparent. Pfaff and Klingenberg’! first suggested that ATP interacts at the 
translocase in a manner competitive with ADP exchange. Souverijn er al." con- 
firmed these results and estimated that the K; for ATP inhibition was in the 100 to 
200 uM range. It must be noted that these later data were obtained at 09С, with oxi- 
dative phosphorylation inhibited by oligomycin. When we substitute our data into 
the equation of Souverijn et а/.,72 using our value for the apparent Km ADP, 14.6 
uM, and their values for K; ATP, 100 to 200 uM, we calculate that at 10 mM ATP 
respiration should only be occurring at a rate of 5% to 10% of the State 3 rate. This 
clearly contradicts the data of FicuRE 5, where respiration at 10 mM ATP is occur- 
ring at 80% of State 3. We have therefore redetermined the K; for the ATP inhibi- 
tion of respiration under phosphorylating conditions at 37?C (data not shown). 
These data suggest that the K; ATP is not in the 100-200 uM range,’ but is actually 
closer to 5 to 10 mM for liver mitochondria. This very low ability of ATP to inhibit 
State 3 respiration is additional evidence for why theories of respiratory control for- 
mulated on a simple [ATP]/[ADP] ratio are invalid. Such a ratio would only be valid 
if ATP is a strong, competitive inhibitor of ADP binding. Together with more recent 
data,” it appears that our knowledge of the kinetics and mechanistic properties of 
the adenine nucleotide translocase is incomplete. The differences become even more 
striking in heart mitochondria. In the system using agarose-immobilized hexokinase, 
the K; value is estimated to be near 10 mM. Under the conditions where creatine 
kinase is generating the ADP, we estimate that the K; for ATP inhibition is greater 
than 30 mM. This significant threefold difference means that changes in the cyto- 
plasmic concentrations of ATP will have little influence on ADP transport during 
creatine kinase-stimulated respiration. This is another important piece of data un- 
derscoring the reason why mitochondrial creatine kinase would be the dominant re- 
action directly controlling O, consumption. 
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SUMMARY 


Three important points must be emphasized in summary. First is the idea that a 
cellular microcompartment need not be limited by a semi-permeable membrane. We 
recognize microcompartments in multi-enzyme complexes where substrates are cova- 
lently transported from subunit to subunit. An example of this is the lipoic acid moi- 
ety of the pyruvate dehydrogenase complex. However, to act as a kinetic microcom- 
partment, covalent transfer is not an obligatory requirement. Proximity effects may 
be sufficient for substantial rate enhancement. Our data clearly show that the 
kinetics of ADP translocation are influenced by the site of ADP formation. We con- 
tend that this represents a newly recognized and important form of cellular micro- 
compartmentation. 

The second point is that we do not want our results misinterpreted as an overex- 
tension of the known data concerning tissue respiration. We believe that the primary 
parameter controlling heart mitochondrial oxygen consumption is the availability of 
ADP at the adenine nucleotide translocase. Our data show, however, that this is not 
a simple process. Secondary control is exerted by the localization of ADP formation, 
i.e. microcompartmentation. As a result of the kinetic data (TABLE 3), we conclude 
that the forward rate of mitochondrial creatine kinase is the preferential reaction 
controlling ADP delivery to the translocase. We are left, nonetheless, with questions 
concerning the secondary regulation of this enzyme in vivo by substrate (ATP and 
creatine) and inhibition by product (phosphocreatine). The nature of this control 
awaits further experimental data. Finally, the results are consistent with the creatine 
kinase energy transport hypothesis. Overall, the rate of tissue oxygen consumption 
reflects the metabolic activity of the organ, determined by the rate of ATP utilization 
(see right side of Figure 1). This results in the cytoplasmic production of ADP. In 
heart, this is coupled via the bound cytoplasmic isozymes of creatine kinase to the lo- 
cal rephosphorylation of ADP to ATP and the simultaneous production of creatine. 
Creatine then becomes an important regulatory signal to stimulate mitochondrial 
creatine kinase. Ín skeletal muscle such relationships have been described by Mah- 
Іег.74:76 The final link is the mitochondrial creatine kinase translocase activity, as 
described in this work. 

The third important point is that we recognize the results presented in this paper 
address only the issues of the adenine nucleotide control of respiration. While our 
data are consistent with the view that the adenine nucleotide translocase rate limits 
oxidative phosphorylation,*' it is also clear that other factors play important roles 
within the cell. These factors include oxygen,^"** the concentration and transport of 
phosphate,*'59.57 substrate availability,??-^"*? and matrix (ATP]/[ADP] гапов.7778 
Defining the interactions of each of these factors under physiological conditions will 
provide a more complete picture of the cellular control mechanisms involved in the 
obligate regulation of oxidative phosphorylation. How changes in membrane struc- 
ture might also effect this regulation represent another potential area for future in- 
vestigation. 
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INTRODUCTION 


In early studies, Lands* demonstrated an enzyme activity in rat liver microsomes 
that was capable of acylating lysophosphatidylcholine (LPC) to form phosphatidyl- 
choline. This enzyme is now known as acyl coenzyme A:]-acyl-sn-glycero-3-phos- 
phorylcholine acyltransferase (E.C.2.3.1.23) and will be abbreviated here as LPC 
acyltransferase. We became interested in LPC acyltransferase several years ago when 
it became apparent that the enzyme could be a valuable tool for investigations of 
membrane structure. Some potential applications are illustrated in Figure 1. These 
take advantage of the fact that the enzyme uses two soluble substrates (LPC and acyl 
CoA derivatives) to form a diacyl phospholipid (phospnatidylcholine) that is mem- 
branogenic. 

In the first example, if a membrane contains endogenous acyltransferase activ- 
ity, the enzyme can be used to synthesize lipid de novo (Есте 1.1 and 1.2). This re- 
sult is potentially useful in synthesizing lipid probes for membrane studies, including 
radiolabeled, fluorescent, and spin-labeled probes. Figure 1.3 shows that acyltrans- 
ferase can reconstitute membranes from solubilized components, a result that will be 
described in detail later. At lower concentrations, the substrates of the enzyme can 
be used to fuse membranes (FIGURE 1.4) and at higher concentrations sufficient to 
solubilized membranes, two or more membrane species can be hybridized (FIGURE 
1.5). 


RECONSTITUTION STUDIES 


In order to make further progress in understanding LPC acyltransferase, it will 
be necessary to purify and characterize the enzyme. This has been the primary thrust 
of both our own and others' recent work, and several groups have established proce- 
dures for partial purification of microsomal acyltransferase that utilize detergent sol- 
ubilization, gel permeation chromatography, and sucrose density-gradient centrifu- 
вапоп.?5 Our laboratory has recently demonstrated that LPC acyltransferase activ- 
ity is able to reconstitute microsomal membrane components solubilized with oleoyl 
CoA and LPC.’ This work suggested a purification method, and will therefore be de- 
scribed in some detail. 

The rationale was that substrates of the enzyme, for instance, LPC and oleoyl 
CoA, are single-chain amphiphiles and therefore have detergent-like properties. It 
follows that if they are added to a membrane system, partial or complete solubiliza- 
tion of the membranes will occur and mixed micelles containing a mixture of the 
original lipids, integral proteins, and the substrates will be produced. However, if the 
membranes originally contained endogenous LPC acyltransferase activity, the deter- 
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FiGunE 1. Potential applications of substrate detergent effects and acyltransferase activity in 
membrane studies. (See text.) LP, lysophosphatide; A-CoA, acyl coenzyme A; AT, acyltrans- 
ferase. 


gent effect will be degraded as phosphatidylcholine is synthesized, and lipid bilayers 
should form that incorporate integral membrane-protein components of the original 
microsomes. 

To test this concept, rat liver microsomes were solubilized with additions of ap- 
proximately 1-2 micromoles LPC and oleoyl CoA per mg protein, followed by incu- 
bation over a two-hour period. During this time, turbidity slowly increased, and it 
could be shown that most of the LPC was acylated to form phosphatidylcholine. 
Electron microscopy demonstrated the presence of membranous structures in the 
form of oligolamellar vesicles (FicunE 2) and gel electrophoresis showed that most of 
the original protein components of the microsomes were present in the reconstituted 
membranes. 

We conclude that acyltransferase held significant promise as a system for recon- 
stituting certain membranes. Furthermore, milligram quantities of lipid were formed 
during this process, and it appeared likely that the enzyme, if isolated, could be valu- 
able for synthesizing certain phospholipids that are difficult to synthesize chemically. 
For these reasons, the objective of our current research is to purify the enzyme as a 
first step toward realizing some of these goals. The results described above suggested 
a relatively simple isolation method that would involve the solubilization of mem- 
branes with sufficient LPC and acyl CoA so that approximately one protein mole- 
cule would be present in each mixed micelle. If that protein had acyltransferase activ- 
ity, it would synthesize phospholipid. This would sufficiently alter the characteristics 
of the enzyme and surrounding lipid so that physical methods could be used to iso- 
late only those lipid-protein complexes that contained the desired enzyme. 


PURIFICATION OF LPC ACYLTRANSFERASE 
Rat liver microsomes were isolated and washed with deoxycholate solutions as 


described by Hasegawa-Sasaki and Ohno.? This served to increase the specific activ- 
ity of the enzyme about fivefold over the crude microsomes. The microsomes were 
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FIGURE 2. Negative stains of membranes formed by acyltransferase activity. (A) After solu- 
bilization by 2 umoles LPC and oleoyl Co-A per mg protein, no membranous structures re- 


mained from the original liver microsomes. (B), (C), and (D) show the reconstitution process 
after 10, 30, and 120 minutes, respectively. x 87,000. 


Deamer & Gavino: LPC Acyltransferase 93 
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FIGURE 3. Lipid analysis of an acylation reaction mixture. 
Deoxycholate-washed microsomes (0.4 mg protein) were solubi- 
lized with 8 umoles each of LPC and oleoyl CoA in 2.0 ml of А 
0.1 М Tris-HCl, pH 7.4. The reaction mixture was sampled at 
5 min (A) апа 60 min (В) and the lipids were extracted and 
analyzed by quantitative thin-layer chromatography using the 
Jatroscan instrument. At the start of the reaction, most of the 
phospholipid was represented by lysophosphatidylcholine (LPC) 
but after one-hour incubation, endogenous acyltransferase 
. activity had converted the LPC to phosphatidylcholine (PC). 


then solubilized with LPC at a lipid-protein ratio of about 10:1 by weight (20 umoles 
LPC/mg protein) followed by the addition of an equimolar concentration of oleoyl 
CoA. 

Acyltransferase activity was monitored by the chromogenic reaction of DTNB 
with free CoA, and was correlated with lipid synthesis by quantitative thin-layer 
chromatography оп ап Iatroscan TLC scanner. Ficure ЗА shows the lipid profile of 
the reaction mixture 5 min after the addition of oleoyl CoA. At this point, only a 
small amount of phosphatidylcholine (PC) was present relative to LPC. Figure 3B 
shows the lipid profiles of the reaction mixture after 60 min incubation. The specific 
activity of the microsomes used in this experiment was 330 nanomoles/min/mg and 
the substrate concentrations were 20 micromoles each of LPC and oleoyl CoA per 
mg microsomal protein. Under these conditions, the enzyme reaction should take at 
least 60 min to go to completion, and Ficure 3B shows that the reaction was essen- 
tially complete after one hour. 

FIGURE 4 shows the characteristic increase in light scattering that occurs during 
phosphatidylcholine synthesis under the conditions described for the acylation reac- 
tion in Figure 3. The increased light scattering reached a plateau after 45 to 50 min- 
utes. Microsomes that were inactivated by heat showed no LPC acyltransferase ac- 
tivity by DTNB assay nor was increased light scattering observed upon incubation. 

The acylation reaction mixture described in FIGURE 3 was mixed with an equal 
volume of glycerol and floated through a step gradient consisting of 30, 15, and 0 
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FIGURE 5. Freeze-fracture micrographs of liver microsomes (A) and lipid vesicles produced by 
acyltransferase activity (B). Note that the latter are relatively devoid of intramembrane 
particles. x 82,500. 


percent glycerol. A turbid band collected at the interface of the 15 and 0 percent 
glycerol solutions. Turbid bands were not obtained from mixtures containing heat- 
inactivated deoxycholate-washed microsomes. Brown pellets always appeared at the 
bottom of the centrifuge tubes and were devoid of LPC acyltransferase activity. In 
two experiments, 9 and 11 percent of the total LPC acyltransferase activity was re- 
covered in the tubid bands. Large amounts of membranous lipid were present, but 
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MIXED MICELLES 


FIGURE 6. Summary of acyltransferase reconstitution and purification procedures. At lower 
concentrations of LPC and oleoyl CoA, mixed micelles are formed that presumably contain 
the added detergent-like substrates, together with the original membrane phospholipid and protein 
components. During acylation of the LPC these aggregate to form reconstituted membranes. 
At high LPC and oleoyl CoA concentrations (lower diagram) micelles are formed that ideally 
contain no more than one protein per micelle. If that protein has acyltransferase enzyme (dark 
circles) these micelles produce lipid-bilayer vesicles during acylation and may be separated from 
other excluded proteins by virtue of their decreased density. 


the protein content of the bands was barely detectable by the micro-Lowry proce- 
dure.' Our best estimates for the protein content of the bands range from 1 to 4 mi- 
crograms with a specific activity of 9-10 micromoles/min/mg protein. This repre- 
sents a 200-fold purification from the original microsomes. 

The light-scattering increase shown in FIGURE 4 correlated with the appearance 
of vesicular structures by freeze-fracture electron microscopy. Typical vesicular 
structures of the original microsomes are shown in Figure 5А. These structures dis- 
appeared when the microsomes were solubilized with LPC and oleoyl CoA and were 
replaced by 10 nm micellar particles. After an incubation period of one hour, phos- 
phatidylcholine synthesis resulted in the formation of membranous vesicular struc- 
tures that ranged from 50 to 200 nanometers in diameter. The vesicles isolated by 
density-gradient centrifugation are shown in FicunE 5B. These contain most of the 
enzyme activity and newly synthesized phosphatidylcholine. They are relatively de- 
void of intramembrane particles, as might be expected from the large excess of lipid 
bilayer present. 


DISCUSSION 


We have taken advantage of the fact that the product of acyltransferase activity 
can be phosphatidylcholine in the form of lipid bilayer vesicles. Our rationale was to 


96 Annals New York Academy of Sciences 


solubilize deoxycholate-washed rat liver microsomes with a large excess of LPC and 
oleoyl CoA so that the original protein and lipid components would be diluted into 
mixed micelles composed of the two detergent-like substrates of the enzyme (FIGURE 
6). At a 20:1 ratio of micromoles lipid/mg protein, and assuming an average molecu- 
lar weight of 50,000 for microsomal proteins, the mole ratio of lipid to protein is in 
the range of 1,000:1. Ideally, each of the resulting micelles would contain at most 
one protein molecule. If that protein has acyltransferase activity, it would catalyze 
the formation of phosphatidylcholine, both from the substrate in that micelle and 
from neighboring micelles that do not contain the enzyme. When a sufficient 
amount of phosphatidylcholine has accumulated, lipid-bilayer vesicles would form. 
Assuming that little or no fusion with extraneous protein occurs, these vesicles could 
then be separated from the remaining protein by virtue of their decreased density, us- 
ing density-gradient centrifugation as described earlier. 

The results of our experiments generally support this scheme. The specific activ- 
ity of LPC acyltransferase in the turbid band was an order of magnitude greater than 
previously reported for partially purified enzyme,’ suggesting that the procedure de- 
scribed here holds considerable promise for the isolation and characterization of this 
enzyme. As expected, only a few micrograms of protein appeared with the vesicles 
and this amount has so far been refractory to analysis by gel electrophoresis. A large- 
scale preparation is now under way to collect sufficient quantities of the enzyme for 
further studies. 
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THE AQUEOUS PORE IN THE RED CELL MEMBRANE: 
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This article develops arguments for the existence of an aqueous pore in the red 
cell membrane as the principal route for passive flux of ions, water, and small non- 
electrolytes and proposes a molecular model for the pore. In principle, such an aque- 
ous pore would provide easy passage into and out of the cell for all solutes small 
enough to enter the channel. The red cell membrane, however, regulates the fluxes of 
cations and anions closely and discriminates carefully among other small solutes. 
These constraints have been incorporated into the model, which visualizes the chan- 
nel and its associated regulatory system as governing passive transport of ions of 
either sign, as well as water and small nonelectrolytes into and out of the cell. The 
model, which was formulated to consolidate a number of observations already in the 
literature, has caused us to look for new interrelations between inhibitors specific to 
cation, anion, and nonelectrolyte transport. The results of these experiments, pre- 
sented below, demonstrate that interrelations do exist and provide evidence that sup- 
ports the view that a common aqueous channel provides primary access to the red 
cell cytoplasm. 


REVIEW OF EVIDENCE FOR THE AQUEOUS PORE 


Іп 1957, Paganelli and Solomon! measured water diffusion across the human 
red cell membrane and proposed that the membrane was traversed by an “equivalent 
pore” of 3.5 A radius. The pore dimensions were established from the ratio of the os- 
тойс permeability coefficient, Ру, measured by Sidel and Solomon,’ to the diffu- 
sional permeability coefficient, Pz. Subsequently, Goldstein and Solomon? measured 
the reflection coefficient of a number of small hydrophilic solutes and found that 
these conformed to expectations for an aqueous pore whose dimensions could be 
computed from the equations governing steric hindrance put forward by Pappen- 
heimer et al.* and Renkin.? Drawing primarily on these results, as well as a subsequent 
determination of Py by Barton and Brown,‘ Solomon’ calculated that P;/Py = 3.4 
and concluded that the red cell equivalent pore had a radius of 4.2-4.6 А. 

Further support for the concept of an aqueous pore was provided by Vieira et 
а1.8 who measured the apparent activation energy for water diffusion into the human 
red cell and found it to be 6 kcal/mol, slightly greater than the 4.5 kcal/mol charac- 
teristic of water diffusion in bulk solution.’ Vieira et al. found the activation energy 
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for water diffusion into the dog red cell, whose equivalent pore radius was 6 A, to be 
4.5 kcal/mol, the same as in bulk solution, and ascribed the slightly larger value in 
human red cells to interactions between the water molecule and the hydrophilic walls 
of the smaller pore. Wang? measured water diffusion in bulk solution and computed 
the product Dwnw/T (in which Dy is the diffusion coefficient and nw, the viscosity 
of bulk water), which contains all the temperature-dependent terms in the Stokes- 
Einstein coefficient for diffusion. Wang found this product to be independent of 
temperature for bulk water over the temperature range 5°C-35°C. An analogous 
product can be formed for diffusion into dog red cells by substituting Ра for Dy, as 
discussed by Solomon'*; this product is also temperature independent (Panw/T = 
1.58, 1.63, and 1.61 at 7°C, 22?C , and 37°C), supporting the conclusion that water 
behavior in small aqueous pores is similar to that in bulk solution. 

Paganelli and Solomon's original estimate of the equivalent pore radius was 
based on the determination that Р/Р; > 1. Following Mueller et a/.'s" development 
of black lipid bilayers, it became possible to measure the Р//Ра ratio in these bilay- 
ers, which contained no pores. The determination of Cass and Finkelstein”? that the 
ratio was 1 in such bilayers provided further support for the conclusion that a ratio 
greater than 1 was, ordinarily, good evidence for the existence of an aqueous chan- 
nel. The antibiotics, nystatin and amphotericin B, had been shown to produce aque- 
ous channels in lipid bilayers and Holz and Finkelstein’? measured the permeability 
characteristics of these channels to water and small nonelectrolytes. The antibiotic- 
induced pores were characterized by a Pj/P; ratio of 3.3, virtually the same as the 
value of 3.4 in the human red cell. Furthermore, the steric hindrance of these in- 
duced pores is described accurately by the steric-hindrance equations given by Ren- 
kin? and can not be distinguished from that of the human red cell,'^ as shown in 
FIGURE 1 (top). DeKruijff апа Demel" subsequently proposed a model for the am- 
photericin B pore consisting of a macromolecular assembly of eight molecules of am- 
photericin B and eight molecules of cholesterol forming a hollow cylinder, 20 А long 
with an 8 À inner diameter. Linear alignment of two of these macromolecular assem- 
blies, one in each half of the bilayers, provides an unobstructed pore of 8 À diameter 
running the entire length of the membrane. The inside of the pore is hydrophilic be- 
cause the hydroxyl groups of the amphotericin B molecules form a continuous path 
along the inside of the pore and provide a hydrophilic environment for the water and 
solutes that traverse the pore; the conjugated double-bond system on the outside of 
the antibiotic molecules provides a lipophilic backbone that facilitates interaction 
with the bilayer lipids. An 8 À pore would just exclude glucose, as is the case in both 
the human red cell and the pores induced in cholesterol-containing lipid bilayers. 

This model has important implications concerning the red cell aqueous channel, 
It suggests that a uniform right cylindrical pore of 8 А diameter offers steric ге- 
straints that match those in the human red cell. It does not mean that the aqueous 
channel in the red cell would have to be a right cylinder of 8 А diameter, but it im- 
plies that the red cell pore must have properties equivalent to such a cylinder. Thus, 
small excursions about the mean diameter would be permitted, but abrupt depar- 
tures from the mean, such as a constriction with a very much smaller aperture, would 
not conform to the observed steric hindrance. 

Macey and Farmer'5 found that the sulfhydryl reagent, p-chloromercuribenzene 
sulfonate (pCMBS) inhibited water entrance through an aqueous channel. It took 
the reagent about 10-20 min to reach maximum effectiveness, at which time it inhib- 
ited osmotic water permeability by about 90% and diffusional permeability by about 
50%, reducing the Pj/P; ratio to 1; Macey and Farmer concluded that the effect of 
the reagent was to close the channel. We have used the data of Macey et а/.17 to com- 
pute that К, for pCMBS inhibition = 0.2 mM and we have also confirmed this result 
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FIGURE 1. Comparison of steric hindrance of red 
cell pores with that of antibiotic-induced pores in lipid 
bilayers. The relative permeability coefficients for red 
cells have been computed from the data of Sha’afi et 
а1.'% and Savitz and Ѕоіотоп!° and those for lipid 
bilayers treated with nystatin and amphotericin B from 
that of Holz and Finkelstein.'? The solute radii were 
computed from molar volumes based on crystalline 
densities. The lines in the figures were obtained by 
nonlinear least squares using the restricted diffusion 
equations of Renkin? and are displayed on logarithmic 
scales in order to make it easier to see the fit in the 
lower decades. Though the solute radius for water of 
1.9 À, determined from its molar volume, differs from 
the measured radius of 1.5 å% and the best-fit pore 
radius of 3.1 À differs from the value of 4.3-4.5 À 
determined by other methods, the fit of the computed Е RED CELLS ONLY 
curve to the data is very good. Consequently, we have 
taken the curve as an effective empirical measure of 
hindrance to diffusion through aqueous channels that |0 
is Operationally accurate over more than a decade of 
permeabilities. We have used these parameters, based 
on the curve in the bottom figure, to compute the 
hindrance that the aqueous channel offers to water 
diffusion. (Top) Comparison of permeability coeffi- 
cients (relative to water) in red cell aqueous pores (O) 01 
with those induced in lipid bilayers by amphotericin 
B (x) and nystatin (A). Least squares radius = 3.04 
A. (Bottom) Fit of empirical curve to red cell perme- 
ability coefficients determined both by the minimum | 2 3 Е 
method described by Sha'afi et a/.'?* (О) and by radio- SOLUTE RADIUS (А) 
active tracers as measured by Savitz and Solomon’ 

(@). Least squares radius = 3.09 A. 
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experimentally. Sha'afi and his colleagues'57? made а comparative study of the ef- 
fect of many sulfhydryl reagents on water transport. They labeled the membrane 
proteins with a specific sulfhydryl reagent, [!*C]5,5'dithiobis-(2-nitrobenzoic acid) 
[^C]DTNB), and reported that DTNB bound to the membrane sulfhydryls and also 
inhibited water transport. When the proteins were separated on a polyacrylamide 
gel,?! Brown et а/.'8 found that almost all the ['^C]DTNB migrated with the major 
red cell membrane protein, known as band 3,22 which led them to conclude that the 
aqueous channel was associated with band 3. 

Freeze-etch experiments of Pinto da Silva? and Pinto da Silva and Nicolson”* 
provide further support for the view that the aqueous channel is associated with 
band 3. Pinto da Silva?? observed that water sublimed from the membrane in regions 
underneath the “membrane intercalated particles," which are a characteristic feature 
of freeze-etch electron micrographs of human red cell ghosts. He interpreted this 
finding as evidence that the water initially below the particles had escaped through 
aqueous passages associated with these particles. Subsequently Pinto da Silva and 
Nicolson?^ used ferritin-labeled concanavalin A to identify band 3 as a component in 
the *membrane intercalated particles." 

Band 3 is an integral membrane protein of about 95,000 daltons, which spans 
the membrane and is present in about 5.5 x 105 copies of a non-covalent dimer per 
сеП,25 It comprises some 25% of the membrane protein?* and contains at least five 
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cysteine residues.?' In order to see if band 3 can account for the water flux, we have 
computed the number of aqueous pores of 4.5 А radius that would be required to ac- 
count for the measured diffusion coefficient of water across the membrane. For this 
purpose, we have used the Pano of 4.7 х 10^? cm вес”! given by Barton and 
Brownt‘; the water diffusion coefficient, Оно,” of 2.3 x 10% cm? sec”; the red cell 
area, Amen, ???* of 1.35 х 1075 cm?; а pore radius, pore, ОҒ 4.5 À; and length (AX) of 
40 A together with an estimate of steric hindrance (4.4/4, = 0.064 in the notation of 
Solomon’) determined from the parameters given in FIGURE l(bottom). This compu- 
tation? leads to a figure of 2.7 x 10° pores, which is in reasonable agreement with 
the 5.5 x 105 band 3 dimers in the membrane, bearing in mind the approximate па- 
ture of the calculation. 

Only two other integral membrane proteins are present in a comparable number 
of copies, glycophorin and band 4.5. Though there are about 5 x 10° copies? of gly- 
cophorin per cell, glycophorin has been sequenced and found to contain no sulfhy- 
dryl groups,?* so that it can not react with pCMBS and thus does not contain the 
aqueous pore. However, band 4.5 does contain SH groups. There are two recent esti- 
mates of the number of copies of band 4.5, 1.3 х 105 copies per cell? and 5.5 x 105 
copies per cell?? as determined by binding of cytochalasin B. Since there are 10-50% 
as many copies per cell of band 4.5 as of band 3, band 4.5 can not be excluded on nu- 
merical grounds alone. 


Do WATER AND NONELECTROLYTES ENTER BY А LiPID PATHWAY? 


Macey et al." have suggested that the red cell lipids provide the pathway for the 
50% of water diffusion remaining after pCMBS treatment. However, (һе Н,О per- 
meability coefficient of cholesterol-containing lipid bilayers (cholesterol comprises 
40% of the red cell membrane lipid on a mole per mole basis) is too low, as can be 
seen from the following computation. The value of P4 given by Macey et al.” for 
pCMBS-treated red cells is 2.3 х 107° cm бес”! at 25°C. If the diffusion took place 
through the lipids, which occupy 43% of the red cell агеа,26-39 Ралра Would have to 
be 5.3 x 103 cm вес”, in agreement with the value of 5.6 x 102 cm sec"! computed 
similarly from the determinations of Conlon and Outhred at 20°C. The highest 


t There are a number of estimates of Ран,о in the literature. We have chosen the one of 
Barton and Brown‘ since it agrees so well with that of Vieira e£ al. and with measurements 
made by Barton and Brown in the original apparatus of Paganelli and Solomon. More recent 
experiments have been carried out with proton NMR?2*? and YO NMR?! methods, as well as 
one additional determination by the °H flow method. The results are compared most easily in 
terms of the characteristic time constant for the diffusion process since this is independent of 
the cell volume, area, and water content, whose values have been revised several times since the 
original Paganelli and Solomon measurement made in 1957. Our present computation of diffu- 
sion time constants shows that the results fall primarily into two categories. Most of the proton 
NMR results have time constants of the order of 11-14 msec (after conversion to 209 C), which 
agree quite well with the 11.2 msec of Barton and Brown (11.9 msec at 20? C) used in the com- 
putation in the text. The values of Brahm? and the "О NMR value?! are in the range of 19 to 
22 msec (at 20? C). If these larger values were used in our computation, the number of pores re- 
quired to carry the observed diffusion stream would drop by about 50%. 

SThe number of pores, п, is given by: 


Е Ра,н,о Amem АХ 
(Asa/A p) т F pore Duo 
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value of Py for cholesterol-containing phosphatidylcholine bilayers at 25°C is less 
than half of this value: those of Fettiplace^? decrease from a maximum of 3.0 x 10° 
cm вес”! to 1.4 x 10? cm вес”! at maximal cholesterol concentration; that of Finkel- 
stein*! is 0.57 х 10-3 cm sec". 

Dix and Solomon"? have investigated the lipid-permeation path by perturbing 
red cell membranes with the lipophilic anesthetic, halothane, which partitions into 
extracted red cell lipids and increases water permeability in red cell liposomes by 30% 
(20 mM halothane). However, 20 mM halothane has no effect on water permeabil- 
ity, either in intact cells or in cells maximally inhibited with pCMBS. These experi- 
ments suggest either that there is no significant water pathway through intact red cell 
lipids, or that the lipid structure in the intact cell differs significantly from liposome 
structure. 

The irregularly shaped pCMBS molecule almost certainly does not close the 
aqueous channel by blocking it, like a cork in a bottle. Instead, as will be discussed 
below, it probably causes a conformational change in band 3, to which it binds 
chemically. If the conformational change and the attachment of the pCMBS mole- 
cule to band 3 occlude the channel significantly, water could still diffuse around the 
obstructions, though the diffusion coefficient would be much smaller than in the un- 
impeded channel, as Macey et al.” observed. Іп an unimpeded channel, P, is larger 
than P4 because water-water friction in the flowing stream is much smaller than wa- 
ter-pore wall friction. However, when water flux is maximally inhibited by pCMBS, 
РУ/Рд is reduced to 1.18 0.26." The insertion of obstructions in such a narrow 
channel increases the fraction of collisions with the pore wall so that, in the limit, Py 
approaches Ри and osmotic flow сап no longer be differentiated from diffusional 
Поуу,43-44 

Macey et al." found that the apparent activation energy for water diffusion 
across the red cell membrane rises to 11.5 kcal/mol after pCMBS treatment, which 
agrees well with the 12 kcal/mole that Haran and Shporer? found for water diffu- 
sion across phosphatidylcholine-cholesterol vesicles and thus is consistent with diffu- 
sion through the membrane lipids. Alternatively, according to our model, this in- 
creased activation energy is a consequence of the necessity of bonds between Н;О 
and hydrogen-bonding sites in the wall of the aqueous pore, which become of in- 
creasing importance as the route of a permeant molecule around the pCMBS be- 
comes more tortuous. Thus, Gary-Bobo and Solomon“ found that the apparent ac- 
tivation energy for water diffusion through a hydrogen-bonding porous cellulose 
acetate membrane rose from the bulk solution value of 4.8 kcal/mol to 8.1 kcal/mol 
іп a porous membrane with a Р/Р value of 3.2, not far different from that of the 
normal red cell membrane. 

Macey et al.” showed that nonelectrolytes can still enter the red cell after 0.4 
mM pCMBS treatment. At this concentration urea and water permeability coeffi- 
cients are about 25% of the control values; glycerol permeability is inhibited by 50% 
and there is no effect on ethylene glycol. We attribute these differences among small 
hydrophilic nonelectrolytes to the result of differences in solute hydrogen-bonding 
properties in an aqueous pore whose structure has been distorted by pCMBS interac- 
tions with a band 3 sulfhydryl.^ It is unlikely that the remaining 25% of the urea 
permeability, after pCMBS treatment, goes through the lipids. The permeability co- 
efficient for urea transport across phosphatidylcholine vesicles is only about 1% of 
the urea permeability coefficient in whole red cells** and even lower in phosphatidyl- 
choline-cholesterol bilayers,*'^? which shows that urea is even less likely than water 
to enter the red cell by dissolving in the lipids. These observations do not rule out the 
existence of alternate specialized transport mechanisms for nonelectrolytes, but they 
strongly suggest that the lipids do not provide that pathway. 
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Locus oF SULFHYDRYL GROUP CONTROLLING WATER PERMEABILITY 


Rao” and Rao and Reithmeier?? has shown that the five SH groups on band 3 
that react with N-ethylmaleimide (NEM) are in the cytoplasm of the cell. Three of 
the sulfhydryls are in the 43 kd cytoplasmic N-terminal segment of the protein and 
the other two are located in the 35 kd C-terminal segment as shown in FiGUnE 2. АП 
five SH groups can be protected by pCMBS against NEM and vice versa. Since 
pCMBS is an anion, it enters the red cell through the anion-exchange system, which 
apparently provides the only route by which pCMBS can penetrate to the cytoplasm. 
Although Knauf and Rothstein?' suggested that pCMBS could also enter red cells 
through a channel that was not blocked by anion-transport inhibitors, the experi- 
ments of Rao? make this interpretation unlikely. She used an anion-transport inhibi- 
tor that greatly decreased the rate of pCMBS entrance into resealed ghosts and found 
that the half-time of the pCMBS reaction with the three SH groups on the 43 kd seg- 
ment increased from 40 min to 190 min. Therefore, if any alternate route to the cyto- 
plasm exists its half-time must be 190 min or greater, far longer than the 10-20 min 
incubation period for the pCMBS effect on water permeability. 

In order to determine whether any of the five SH groups on band 3 was con- 
cerned with the pCMBS effect on water transport, we used the anion transport inhib- 
itor, 4,4’-diisothiocyano-2,2’-disulfonic stilbene (DIDS) (100 uM) to covalently react 
with band 3 and block pCMBS access to the intracellular SH groups. When anion ex- 
change was inhibited by 98 % (in one experiment, typical of a second with 4,4’ -diben- 
zamido-2,2 -disulfonic stilbene (DBDS) instead of DIDS), the ratio of Py in treated 
cells (pCMBS + DBDS) to that in control cells (pCMBS alone) was 0.9 + 0.1, con- 
sistent with unity, thus showing that the five SH groups inside the cell were not in- 
volved in the inhibition of water permeability. We confirmed this finding by pre- 
treating the cells with NEM in a concentration large enough to interact with essen- 
tially all the SH groups on the membrane (12 mM, 1 hr, 37?C). After 25 min of 
pCMBS treatment, we found that water flux had been inhibited by 80 + 10% in the 
controls (pCMBS alone) and 84 + 3% іп the NEM-treated cells (pCMBS + NEM) 
in one experiment, typical of two. This indicates that, if the effect of pCMBS is due 
to a sulfhydryl reaction, the SH group responsible does not react with NEM. 

Steck et al.? and Ramjeesingh et а1.5“ have reported an additional, sixth SH 
group in band 3. The studies of Ramjeesingh et al. were devoted to a 15 kd sequence 
contained in the membrane-bound 17 kd fragment that lies between the trypsin and 
chymotrypsin cleavage sites and contains the binding site for DIDS. Since Rao and 
Reithmeier?? showed that there were no NEM-reactive groups in the 17 kd sequence, 
that sixth cysteine does not react with NEM; we will denote it as the cryptic sixth SH 
group. The schematic in Figure 2 shows an assumed disposition of band 3 in the red 
cell membrane, in which we have denoted the 17 kd sequence as the membrane-trans- 
port sequence because it contains both the DIDS binding site and the cryptic sixth 
SH group. As Jennings and Passow5555 and Rothstein and colleagues5"5? have 
shown, portions of the 35 kd C-terminal fragment are also essential for anion trans- 
port; we have denoted this sequence as the membrane loop. As FicunE 2 shows, we 
have considered the cryptic sixth SH group to be extracellular to the stilbene inhibi- 
tion site. The argument to support this assignment is based on our observation that 
stilbene inhibitors do not alter the pCBMS effect on water transport, whereas they 
prevent access of pCMBS to the intracellular SH groups. 

Vansteveninck ef al.® reported that about 1-1.5% of the SH groups in the red 
cell membrane were оп the outside of the cell and Rao*? estimated that extracellular 
pCMBS sites оп resealed red cell ghosts amounted to 1-2 x 108 sites/ ghost. This 
class of sites was immediately accessible from the outside of the cell and binding was 
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FIGURE 2. Schematic showing a possible disposition of band 3 in the red cell membrane. 
The location of the three intracellular SH groups on the 43 kd segment and the two intracellular SH 
groups on the 35 kd C-terminal fragment are taken from Као.52 However the number of loops 
in both of these fragments is purely arbitrary, as is the relative placement of the SH groups 
along the fragments. In the case of the 35 kd fragment, it is known that the 8 kd membrane 
loop crosses the membrane but it is not known how often the remainder of the 35 kd fragment 
traverses the membrane nor whether the C-terminal is extracellular or within the membrane. 


not affected by inhibition of anion transport, so these sites presumably included the 
cryptic sixth SH group as well as the external SH groups?! on band 4.5. 

In order to determine whether the cryptic sixth SH group is actually located on 
band 3, we have examined the localization of the pCMBS site in NEM-treated re- 
sealed ghosts by polyacrylamide gel electrophoresis of the red cell membrane pro- 
teins using [?°Hg]pCMBS as shown in FIGURE 3. As the figure shows, the predomi- 
nant peak is the one on band 3 and there is another peak at the end of the gel, beyond 
the tracking-dye position, which we have tentatively attributed to membrane lipids. 
Ficure 3 confirms the existence of а sulfhydryl on band 3 that does not react with 
NEM and also shows that this SH group can react with pCMBS. 

There is also a smaller peak at band 4.5 which, taking account of the lower mo- 
lecular weight of band 4.5, could amount to some 30% of the number of sites on 
band 3. Considerable evidence has been presented indicating that the function of 
band 4.5 is to transport glucose and that an extracellular SH group is required for 
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FIGURE 3. Staining and labeling profiles of red cell membrane proteins isolated from NEM- 
treated, resealed ghosts incubated with [?Hg]pCMBS. Ghosts were treated with 2 mM NEM 
in PBS buffer (0.15 M NaCl; 0.005 M Na,HPO,, pH 7.5) for 1 hour at 25°C and then incubated 
with 0.1 mM [?°Hg]pCMBS in PBS buffer, for 2 min at 0°C. Ghosts were washed 3 x in PBS 
buffer containing 2 mM NEM (20 vols) and were analyzed for protein and radioactivity by SDS- 
polyacrylamide gel electrophoresis. Gels contained 5% polyacrylamide and 50 yg of protein 
were loaded on each gel. Gels with radioactivity were cut into 2 mm slices and counted. 


this function.®! Treatment with either pCMBS ог NEM inhibits net glucose transport 
by 50 to 60% and it is not known whether there is а cryptic SH group on band 4.5 
that exercises a physiological function. 

Further evidence bearing on the interaction of pCMBS with band 3 comes from 
tryptophan fluorescence studies. Steck et а/.°° have found approximately 10 trypto- 
phan residues in band 3, which Kleinfeld er а/.52 have shown to be primarily distrib- 
uted in two arrays, one group extending about 10 À into the cytoplasm and a larger 
group located near the outer surface of the membrane. Lukacovic ег al.® have re- 
ported that pCMBS quenches tryptophan fluorescence (excitation 290 nm; emission 
330 nm) in NEM-treated red cell ghosts, as shown in FIGURE 4 (top). There is an ini- 
tial rapid quenching, not shown in FIGURE 4, that is too fast for us to resolve, fol- 
lowed by at least one slow component with a half-time of the order of 1-5 min. As 
FIGURE 4 (top) shows, similar effects are observed in reconstituted band 3 vesicles. 
These vesicles have been prepared from band 3 purified by the method of Lukacovic 
et а1.% and contain no band 4.5. Since these band 3 vesicles have not been treated 
with NEM, it is possible that the other five SH groups may also have contributed to 
the fluorescence change, although the similarity of the time course to that of NEM- 
treated ghosts makes this unlikely. FiGURE 4 (bottom) shows the equilibrium fluores- 
cence intensity of the tryptophan residues in reconstituted band 3 vesicles as a func- 
tion of pCMBS concentration. We can conclude from Figure 4 that pCMBS inter- 
acts with the tryptophan residues in band 3 with a time course of the order of 1-5 
min and a half point on the order of 0.1 to 0.3 mM pCMBS. 
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FiGURE 4. Effect of pCMBS оп tryptophan fluorescence. (Top) Tryptophan fluorescence 
of NEM-treated red cell ghosts and band 3 vesicles (excitation 290 nm, emission 330 nm) induced 
by pCMBS. The initial data point for ghosts and vesicles has been set arbitrarily at the same 
fluorescence intensity and the amplification is the same; the initial fast drop in intensity is not 
shown. The pCMBS concentrations were: ghosts (10 mM) and vesicles (4 mM). As the bottom 
figure shows, the effect saturates at [pCMBS] = 2 mM in vesicles. (Bottom) Dependence of 
equilibrium fluorescence intensity (measured at 30 min) of reconstituted band 3 vesicles on pCMBS 
concentration. 
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Ficure 5. Schematic drawing of aqueous pore, located between the two monomers of a 
band 3 dimer, showing the relative position of the sites for DIDS and pCMBS binding and the 
positive and negative charge barriers. The figure also shows the hydrogen-bonding interfaces 
at the entrance and exit of the pore, which are linked by the polar groups that line the pore. 


The similarity between the time course and concentration dependence of the 
pCMBS effects on the band 3 tryptophan residues and the pCMBS-induced inhibi- 
tion of water flux, which takes some 10-20 min to reach maximum effectiveness?” 
and has a K; of 0.1 to 0.2 mM, is suggestive though it does not necessarily imply that 
there is a causal relationship between the tryptophan fluorescence changes and the 
inhibition of water flux. 

The cryptic SH group is the key to our aqueous pore model for membrane trans- 
port of anions, cations, and small nonelectrolytes. In the sections that follow, we will 
show first that pCMBS binding to the SH group inhibits stilbene anion transport in- 
hibitor binding. Next we will show that the cryptic SH group modulates passive ca- 
tion transport. FIGURE 5 is a schematic drawing of an aqueous pore, located between 
the two halves of the band 3 dimer, which incorporates these sites. The channel con- 
tains two sequential charge barriers: a positively charged region to control cation 
transport and a negatively charged region to control anion transport. An unob- 
structed 8-9 А aqueous pore through the red cell membrane should discriminate 
among small nonelectrolytes according to their size." In addition to this steric dis- 
crimination, nonelectrolyte and hydrated ion fluxes can be modulated by hydrogen- 
bonding interactions with the walls of the pore. The two hydrogen-bonding in- 
terfaces at the entrance and exit of the pore serve as transition areas for interchange 
between hydration shells in free solution and hydrogen bonds within the channel, 
which form a continuum from one end of the channel to the other. 


ANION TRANSPORT 


The model in FIGURE 5 presupposes that anions and water share a common 
pathway in the channel between the two halves of the band 3 dimer. The anion trans- 
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port inhibition site in the model has been placed some 5-15 Å below the extracellular 
surface, which agrees with Rao ef al.’s® finding that the binding site is located in а 
protein cleft some distance inside the membrane. The stilbene anion transport inhibi- 
tors are so large that a single molecule can just squeeze through the pore, yet DBDS 
does not inhibit water transport. Dix et а1.® and Verkman et а/.% have shown that 
the initial step of binding of the fluorescent stilbene inhibitor, DBDS, to the first 
band 3 monomer is followed by a conformational change that must take place before 
a second DBDS molecule binds to its inhibitory site on the second band 3 in the 
dimer. We presume that this conformational change involves a rearrangement of 
band 3 to internalize the DBDS and thus leaves the way free for the second DBDS to 
gain access to its site in the aqueous pore. The second DBDS would, in turn, be inter- 
nalized by the second band 3 monomer so that the channel would still remain rela- 
tively open for water transport. Kleinfeld ег а/.% have presented evidence, based оп 
energy-transfer measurements, that the conformational change involves a shift in the 
position of the tryptophan residues in band 3. Furthermore, Snow ef al.® showed 
that stilbene inhibitors caused a large dose-related shift in one of the transitions in 
the calorimetric profile of band 3, which they interpreted as evidence of a conforma- 
tional change in band 3. These arguments do not demonstrate that water and anions 
flow through the same aqueous channel; rather they provide a reasonable explana- 
tion as to how this may be possible. 

Since there is evidence that binding of pCMBS to the cryptic sixth SH group in 
band 3 inhibits water transport, we looked for an effect of pCMBS on DBDS bind- 
ing. Ghosts were treated with NEM to block the five NEM-reactive intracellular SH 
sites. The rate of DBDS binding to its site on band 3 was then measured, as pre- 
viously described*'; we found that pCMBS competes with DBDS binding (Ку = 0.15 
mM + 0.03).9 Есове 6 shows the effect of pCMBS on the relative fluorescence of 
DBDS in a stopped-flow experiment and FicunE 7 shows the concentration depen- 
dence of the pCMBS effect on the kinetics and equilibrium of DBDS binding. In or- 
der to confirm that pCMBS was bound to a SH group, we washed the preparation to 
remove unbound pCMBS and found that the effect of pCMBS could then be re- 
versed by 5 mM cysteine ог 5 mM glutathione, similar to the reversal of the рСМВ5 
effect on water flux reported by Sha’afi and Feinstein.? Since DBDS is not a sulfhy- 
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Ficure 7. Inhibition of DBDS binding by pCMBS. (Тор) Dependence of the stopped-flow 
time constant on the DBDS concentration in a suspension of NEM-treated red cell ghosts. Red 
cell ghosts were prepared by the method of Dodge et al.'” and treated with 2 mM NEM for 
1 hr at 25°С. The stopped-flow time constant was measured by DBDS fluorescence as described 
by Verkman.*' (Bottom) Inhibition of equilibrium binding of DBDS by pCMBS. Relative fluores- 
cence was measured (emission 423 nm; excitation 360 nm) in a Perkin-Elmer Model MPF-2A 
spectrofluorimeter on NEM-treated ghosts, prepared as described above. The sample contain- 
ed 0.04 uM band 3 (computed on the basis of 3.2 mg ghost ргоѓеіп/1 nM band 3 monomer) 
and 0.01 uM DBDS in 28.5 mM sodium citrate, pH 7.40. 
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dryl reagent and pCMBS binds to a SH group, we conclude that these two inhibitors 
do not compete simply for the same chemical group on band 3. 

Many inorganic anions and a broad spectrum of organic anions use the anion- 
transport system (though glycolate and lactate fall into a separate class."?) When this 
diversity is examined in terms of an aqueous channel, a relatively simple mechanism 
for a generalized anion-transport system becomes attractive. It has been suggested by 
Knauf,” Passow et а/.,772 Macara and Cantley,” and Rothstein and his group? that 
the transport function of band 3 is served by moving a barrier within an aqueous 
pore. The barrier is considered as being operated by a flip-flop (ping-pong; cis-trans) 
gate, with the flip state facing the extracellular face, and the flop state facing the in- 
tracellular face. Anion transport takes place sequentially; when an external anion is 
transported the switch makes the flip-flop transition and can only be operated next 
by an internal anion, which resets the switch as it traverses the channel. Rothstein 
and his colleagues???* showed that there аге inside- and outside-facing conforma- 
tions of the transport protein and Gunn and Fróhlich/^?* have shown that these con- 
formations are asymmetrical with respect to anion-binding properties. Jennings’® has 
provided evidence that СГ influx and efflux are sequential, rather than simul- 
taneous, processes. However, a movable barrier or even a movable charged group, 
as suggested by Passow ef а/.,”' can not easily exercise selectivity among the diverse 
anions that enter the cell. In our model, the selection process would be exercised by 
the walls of the pore. Thus, there would be two major determinants of passage 
through the anion channel. The discrimination among anions would depend upon 
interactions with the walls of the aqueous channel, which would sieve out large 
anions and modulate the transport of those small enough to permeate by selective 
hydrogen-bonding sites on the walls of the pore. The second barrier would depend 
solely on charge of the anion, which would be sensed by band 3 and cause it to set the 
switch in its flip or flop position, depending on the direction from which the anion 
came. 

The apparent independence of the transport properties of the two monomers of 
band 3 introduces an additional restraint in the mechanism. The size of the hydrated 
СГ ion” is such that it does not seem possible for an ion moving in one direction to 
get past one traveling in the opposite direction. This constraint means that only one 
ion should be in the pore at any one time. The volume of the pore is so small that a 
solution of 155 mM KCl is equivalent to an average density of 0.24 СІ ions/pore, as- 
suming equal concentration in the pore and in the solution; on this basis 75% of the 
pores are always free of СГ ions. The ion flux of 4.9 x 10% ions/cell, sec at 38°C 
given by Вгаһт”° is equivalent to a flux of 0.9 x 10° ions/pore, sec on the basis of 
5.5 x 10° dimers of band 3/cell. On the average, one ion is discharged from each 
pore every 11.2 psec, an average transit time that includes both the time to diffuse 
through the pore and the time required for the flip-flop reaction. The diffusion time 
сап be approximated from the equation: 2 Dxcit = (channel length). Using Окс! = 
2.6 x 105 cm? вес”! at 38°С” and a 40 А pore length, ¢ = 3.1 nsec. This minimum 
estimate must be increased by a steric hindrance factor of perhaps one order of mag- 
nitude. 

The gating-time restriction, which is even more stringent, arises because the 
steric constraints of the pore make it impossible for both monomers to transport a 
СГ ion at the same instant. It is known, however, that each monomer can indepen- 
dently transport ions. This observation places an upper limit on the time it takes the 
flip-flop to operate, the gating-time, which must in any case be shorter than the tran- 
sit time. This problem is formally similar to the coincidence problem in particle 
counting. We shall impose the requirement that the dependence of СГ flux on the 
numbers of functioning band 3 monomers is linear to within 2%, which is consistent 
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with the data of Lepke et a/.*? The coincidence equation‘ then imposes a limit on the 
gating-time of operation of the flip-flop of т = 0.4 psec. Since chemical reactions 
commonly have time constants of 107% sec and faster, a gating-time of 0.4 psec is not 
chemically unreasonable. The transit time is slower than the gating-time by almost 
two orders of magnitude, which allows for significant steric hindrance. These calcu- 
lations indicate that the aqueous channel can meet the requirement of independent 
monomer action and still accommodate the observed СГ flux. 

Since the flip-flop conformational change depends upon electrostatic interac- 
tions, common to all anions of the same charge, and not upon specific steric and hy- 
drogen-bonding characteristics of the transported ion, we would expect that the Ar- 
rhenius activation energy of anion exchange would be essentially independent of the 
chemical identity of the transported anion. Dalmark and Wieth® have shown that 
the activation energies of the transport of Cl, Br, CNS, and I are similar, lying be- 
tween 29 and 37 kcal/mol, and Aubert and Motais*? have shown that similar values 
are characteristic of organic anion permeation. It is difficult to account for this uni- 
formity in a diverse set of specific interactions involving anions of widely different 
chemical composition, but easy to consider it a consequence of a flip-flop gate whose 
mechanism is governed by the charge of the transported ion. The further steric and 
polarity requirements discussed by Aubert and Motais® would be imposed by the hy- 
drogen bonding and other characteristics of the wall of the pore. Thus, the transport 
mechanism would incorporate two separate properties of the pore, one to provide 
the specific molecular restraints characteristic of the transported ion and another to 
control the gate. 


CATION TRANSPORT 


pCMBS causes a massive red cell cation 1еаК.8%85 Grinstein and Rothstein*® 
showed that this pCMBS effect was preserved in inside-out vesicles that had been 
stripped of bands 1, 2, and 5 and considerably depleted in band 6. Indeed, the 
pCMBS effect on cation fluxes could still be demonstrated in these vesicles when 
they had been treated with chymotrypsin and trypsin so that the major remaining se- 
quences of band 3 in these vesicles were the 17 kd fragment and the 8-9 kd mem- 
brane loop.5? We have interpreted these experiments in terms of the model shown in 
FIGURE 5, as consistent with our view that the cation leak is modulated by a pCMBS 
site in band 3 outside of the stilbene inhibition site, but in close proximity to it. This 
position of the pCMBS site provides an alternative explanation for Knauf and Roth- 
stein's?! observation that stilbene inhibitors did not affect the pCMBS-induced ca- 
tion leak. They interpreted their finding as evidence for an alternative pCMBS path- 


1We assume that each monomer participates in the anion-transport process and that both 
flip-flop gates are located in the same channel, but only a single gating-step can take place at 
one time. Each monomer can process 4.5 x 10* Cl- ions sect. We may ask: what is the transi- 
tion time for the rate-limiting step if that step is able to process essentially all the anions passing 
through the channel? The coincidence equation is № = N,N; v in which № is the number of 
coincidences per sec, N; is the number of particles passing through the ith channel per sec, and 
т is the coincidence time. Suppose that 2% of the anions don't get through because the rate-lim- 
iting step is “busy.” Then М, = №, = 4.5 x 10* sec"! and the number of “coincidences” is № = 
9 x 10? ес”! and therefore 


T = __ = 0.4 psec. 
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way into the cytoplasm that was not affected by stilbene inhibitors. Our model ex- 
plains their observation by placing the cryptic sixth SH group outside of the stilbene 
inhibitor site. 

In order to study the cation-leak process further, we have measured pCMBS-in- 
duced cation leakage in red cells in which the five NEM-reactive SH groups were 
blocked. Under these conditions pCMBS still induces a substantial cation leak.®’ 
Since this is пої an inhibitory process, there is no Ку, but the pCMBS effect is sub- 
stantial for pCMBS concentrations in the range of 0.05 to 0.2 mM consistent with 
the values of Кт of 0.1-0.2 mM obtained for the effects of pCMBS on water flux and 
stilbene inhibitor binding. As a further test of the specificity of this SH group, we 
have examined three other sulfhydryl reagents, whose effects on water transport 
have been determined by Sha’afi and Feinstein;?° p-chloromercuribenzoate (рСМВ) 
and p-aminophenylmercuric acetate (рАРМА), which inhibit water transport by 
about 80%, and iodoacetamide (IAM), a non-mercurial sulfhydryl reagent that does 
not affect water transport. As FicureE 8 (left) shows, both pCMB and рАРМА in- 
duce large cation leaks іп NEM-treated cells, whereas IAM is without effect. As Fic- 
URE 8 (right) shows, the mercurials that inhibited water transport and induced cation 
leakage also produced effects on DBDS binding in NEM-treated red cells, whereas 
IAM which had no effect on water transport had no effect on the other systems. The 
experiments with these reagents, therefore, provide strong support for the view that 
the same cryptic SH group is responsible for the effects we have observed in all three 
systems. 

These experiments show that an NEM-insensitive SH group is responsible for 
the cation leak, but they do not localize the SH group to band 3, since there are SH 
groups on other integral membrane proteins, such as the (Na,K)-ATPase and band 
4.5, which might be responsible for the effect. We therefore carried out experiments 
on separated band 3, incorporated into phosphatidylcholine vesicles. Band 3 was 150- 
lated by the method of Lukacovic ef al.,** which provides 96% pure band 3 contain- 
ing no band 4.5. The results of one cation-leak experiment, typical of four, are given 
in Figure 9, which shows that pCMBS induces a cation leak in band 3 vesicles. Con- 
trol experiments showed that this induced leak could not be attributed to 
(Na,K)-ATPase. In other experiments in the same series, treatment with 2 mM NEM 
for 10 min at 23?C did not induce a cation leak. Also 5 mM mercaptoethanol re- 
versed most of the pCMBS-induced leak, showing that it is a SH group with which 
the pCMBS reacts. Since NEM alone has virtually no effect, none of the intracellular 
SH groups on band 3 can be responsible for the pCMBS-induced cation leak, which 
may therefore be attributed to the cryptic, sixth SH group in the 17 kd membrane 
fragment. 


HyYDROGEN-BONDING INTERACTIONS WITH THE PORE WALL: ANIONS 


Clementi ef al.” report the radius of the first hydration shell of СГ to be 3.9 + 
0.4 А, which is comparable with the pore radius, so that interactions between the hy- 
dration shell and hydrogen-bonding sites on the channel are probably required and 
may well account for selectivity among inorganic anions. The principles are similar 
to those discussed by НШе for the Na channels in nerve, but the red cell aqueous 
pore diameter is about twice as large as that of the nerve Na channel, consonant with 
the difference between the stringent selectivity exercised by the Na channel and the 
broad spectrum of inorganic anions that use the red cell anion transport system. А1- 
ternatively, the СГ exchange transport system could move the СГ ion by transport- 
ing it in the lipid phase for some or all of the 40 À distance across the lipid bilayer. 
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FiGURE 8. Cation leak induced in red cells by sulfhydryl reagents. (Left) Uptake of “Rb 
in NEM-treated red cells. K efflux was measured in red cells from freshly drawn human blood 
treated with NEM (12 mM, 1 hr, 37°C) in order to block all NEM-reactive sulfhydryls. Fluxes 
were measured with %ВЬ, as described by Poznansky апа Solomon.*® The cumulative К efflux 
was computed as the sum of the influx measured with **Rb and the net К efflux measured 
chemically. No correction was made for the difference in influx resulting from the changing 
extracellular K concentrations at the several inhibitor concentrations. The concentration of the 
inhibitor in the cation-leak experiments was limited by hemolysis of the NEM-treated cells, so 
that the concentrations of the reagents that accelerated the leak (pCMBS, 0.2 mM; pCMB 0.25 
mM; pAPMA, 0.5 mM) were less than that of IAM, which had no effect at 1 mM. The curves 
were drawn by eye to connect the points. (Right) Comparison of effects of sulfhydryl reagents 
on different transport processes. Four reagents were chosen from those whose effects (at 1 mM) 
on water flux had been measured by Sha'afi and Feinstein,?? three that inhibited water flux 
(pCMBS, pCMB and pAPMA) and one (IAM) that had no effect. The bar graph has been drawn 
so that effect of the sulfhydryl reagent, whether enhancement or inhibition, is shown by an 
increase in the length of the bar. The control value of 1.0 represents no effect. DBDS binding 
was studied at 1 mM and the effect was determined from the amplitude and the time course 
of the DBDS reaction with its binding site as described by Verkman and Dix.” The water flux 
data are taken from Sha'afi and Feinstein (Table 2 in Reference 20). 


This seems a relatively unlikely mechanism since it would be difficult both to meet 
the transit-time restraints and to provide the 37 kcal/mol of potential energy?? re- 
quired to insert the СГ ion into the lipid bilayer. 

There is great diversity among the organic anions that use the ion-transport sys- 
tem, which includes a molecule as small as formic acid with a half-time of permea- 
tion of 0.3 min and one as large as p-aminohippuric acid with a half-time of 90 min. 
p-^minohippuric acid is the largest molecule that Aubert and Motais?? found to use 
the anion channel. We have made a CPK model of it and found that it is small 
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Ficure 9. Effect of pCMBS on cation leak in reconstituted band 3 vesicles. Purified band 
3 was reconstituted into phosphatidylcholine vesicles, which were placed in dialysis bags. **Rb 
efflux was measured at 23°C as described for sulfate efflux by Lukacovic et а/.% The curves 
are drawn by eye (control, +; pCMBS treated, 0). The data for uptake in vesicles without 
band 3 were taken from other experiments in the same series. The figure is typical of four experi- 
ments with pCMBS, in two of which NEM and mercaptoethanol were added. 


enough to go through ап 8-9 A diameter pore. Aubert and Motais?? have suggested 
that there are specific structural requirements governing the transport of this diverse 
group of solutes, which have a common requirement for "at least a three point at- 
tachment involving three oxygen atoms in the substrate." As previously pointed out, 
our model would satisfy these requirements by hydrogen-bonding sites on the wall of 
the pore. 


HYDROGEN-BONDING INTERACTIONS WITH THE PORE WALL: NONELECTROLYTES 


Urea transport into the red cell is a saturable process with an apparent Kp of 
0.1-0.3 М, which сап be inhibited by thiourea with а Ку of about 10 mM (Ficure 10, 
гор). These observations have been interpreted as support for Macey ef а/.7517 
suggestion that urea enters the red cell by facilitated diffusion.” However, as Hille® 
has pointed out, saturation and competitive inhibition are also characteristic of a sat- 
urable pore and can not be used to discriminate between transport through a pore 
and a facilitated-diffusion model. According to our model, the hydrogen-bonding 
regions shown in Ficunz 5 facilitate the interchange of solute hydration shells with 
hydrogen bonds within the pore, which form a continuous pathway through the 
membrane. We ascribe the saturation and apparent competitive inhibition of urea 
transport to a weak binding site for urea in the hydrogen-bonding interface regions. 
Urea has an anomalously small partial molar volume, presumably reflecting its ca- 
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FIGURE 10. Effect of thiourea on urea flux into red cells and on pCMBS competition with 
DBDS binding. (Top) Urea permeability was measured by the method of Sha'afi ef al.™ at 
a urea concentration of 0.7 M. Data are presented for one experiment, typical of three. The 
points were fitted to a single-site model by least squares and give К|/; = 5 + 1 mM. (Bottom) 
The effect of thiourea on the pCMBS inhibition of the rate of DBDS binding. 


pacity to form six hydrogen bonds and therefore interact strongly with water. Pas- 
sage through the pore would require replacement of this hydration shell by hydrogen 
bonds in the pore. Thiourea could inhibit urea transport by competing at the urea 
hydration shell interchange site; since the ether/water partition coefficient of 
thiourea is more than an order of magnitude larger than that of urea,?* thiourea 
binding could well be enhanced by a neighboring lipid region. 

We reasoned that thiourea binding to the wall of the aqueous channel might 
produce effects on other features of the transport system and found, as shown in 
Ficure 10, that thiourea reverses the pCMBS inhibition of DBDS binding. Control 
experiments show that thiourea has no direct effect on DBDS fluorescence. The fig- 
ure indicates that K; for reversal is in the range of 0-5 mM, below the value of K; = 
10 mM for urea transport inhibition given by Mayrand and Levitt.?? This observa- 
tion indicates that thiourea, which specifically inhibits urea and amide diffusion, is a 


more general reagent than had hitherto been thought, since it interferes with the 
pCMBS-DBDS binding interaction. 
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FicunE 11. Time course of pCMBS inhibition of osmotic water flux. The concentration 
of pCMBS was 1 mM and that of thiourea, 50 mM. pCMBS was added at the beginning of 
the experiment and thiourea was added either at the beginning or 7 min later. 


The interaction between thiourea and pCMBS reflected in the apparent rate of 
DBDS binding could be explained on the basis of a thiourea-induced distortion of 
the pCMBS binding site. This consideration led us to look for other relations be- 
tween thiourea and pCMBS. We found that 50 mM thiourea turns off the pCMBS 
inhibition of water transport (Figure 11). If pCMBS and thiourea are added to- 
gether at the beginning of the experiment, no pCMBS inhibition develops.** If the 


** One possible explanation for the thiourea-pCMBS effects would be a chemical reaction 
between thiourea and the Hg in pCMBS. We tested this possibility by using the yellow color đe- 
veloped by DTNB (5,5'-dithio-bis-(2-nitrobenzoic acid)) upon reaction with cysteine. pCMBS 
inhibits the color development, if added in equimolar amounts with the cysteine. If thiourea 
formed a complex with pCMBS tighter than that formed between cysteine and pCMBS, addi- 
tion of thiourea to the reaction mixture would interfere with the inhibition of color develop- 
ment that pCMBS normally causes. This was not found to be the case since no interference was 
observed when excess thiourea was preincubated with the organic mercurial for 30 minutes. In 
similar experiments using DTNB, it was also shown that thiourea does not react with cysteine. 
This result indicates that the thiourea effect on band 3 does not proceed by competition of thi- 
ourea for the cryptic sixth SH group with which pCMBS reacts. Two further lines of evidence 
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thiourea is added later, it stops the pCMBS inhibition dead in its tracks, not only at 7 
min (FicurE 11), but also at other times during the 30-min time course required for 
full development of the pCMBS inhibition of water transport. Although we do not 
yet know the exact K; for this process, preliminary experiments suggest a K; in the 
range of 1-3 mM. The observation that K; for the thiourea release of the pCMBS in- 
hibition of water transport is different from the K; for the inhibition of urea flux 
means that the thiourea-pCMBS interaction cannot be explained in terms of a single 
binding site producing a single effect. 

There are unexplained observations about the action of pCMBS and other mer- 
curial sulfhydryl reagents on the water and nonelectrolyte systems. Though the effect 
of pCMBS on water transport has a time course extending for 30 min, both Hg?* and 
pCMB, which are lipid soluble, exert their action in 5 min or less. The pCMBS inhi- 
bition of urea permeability also is complete in 5 min or less. Typically, reversal of 
pCMBS inhibition by cysteine or mercaptoethanol is very fast for water flux, 
whereas it is very slow for urea. We have not yet been able to form a coherent model 
of the mechanism, or mechanisms, by which these mercurials exert their effect. The 
absence of a coherent model does not, however, vitiate the phenomenological obser- 
vations that demonstrate that thiourea not only inhibits the permeability of urea and 
other amides but also interacts with the pCMBS binding site in a way that affects the 
transport of water and the binding of the anion transport inhibitor, DBDS. These 
actions are consistent with our view that a common element, band 3, is involved with 
all of the processes concerned. 

The differential effects of phloretin on water and urea permeability can also be 
understood in terms of hydrogen-bonding properties. Macey and Farmer showed 
that 0.5 mM phloretin inhibits urea transport, though phloretin has virtually no ef- 
fect on water transport.'5:175595 Jennings and Solomon” measured the binding of 
phloretin to red cell membrane components at pH 6.0 and found Kp to be 1.5 uM for 
the red cell membrane proteins and 54 uM for the red cell membrane lipids. We have 
measured the phloretin concentration for half-inhibition of urea transport at pH 7.4 
and found it to be 70 uM, in reasonable agreement with the value of 90 ИМ for Крга 
obtained by converting Jennings and Solomon's Kp to pH 7.4. These findings are 
consistent with the view that phloretin exercises its effect indirectly through the lipid 
binding region and not directly through binding to a membrane protein. This conclu- 
sion is also consistent with Snow et al.'s$? observation that 0.21 mM phloretin affects 
the heat-capacity profile of the red cell membrane in a region that these authors as- 
cribe to band 3/phospholipid interaction. Evidence that perturbations in the lipid 
can affect band 3 conformation is afforded by Forman et al.'s** demonstration that 
DBDS binding kinetics are dependent upon the membrane solubility?? of alcoholic 
anesthetics. 

Owen and Solomon** and Owen et al.” pointed out that phloretin inhibits the 
permeability of many hydrophilic nonelectrolytes and that the degree of inhibition is 
inversely proportional to the ether-water partition coefficient, which is an index of 
hydrogen-bonding capacity. This apparent dependence upon hydrogen bonding is 
consistent with a phloretin-induced perturbation of the hydrogen-bonding region. 


support these conclusions. Addition of 10 mM thiourea to the ghost suspension, which was 
analyzed by polyacrylamide gel electrophoresis as described in FIGURE 3, had no measurable ef- 
fect on the [^Hg]pCMBS distribution. The °C NMR spectrum of 100 mM thiourea was exam- 


ined in a 360 MHz NMR spectrometer (Fossel, private communication). Addition of 20 mM 
pCMBS had no effect on the "С resonances. 
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MOLECULAR MODEL OF THE AQUEOUS PORE 


A molecular model of the aqueous pore can be constructed from the elements of 
band 3 most closely concerned with transport, the 15 kd membrane-transport frag- 
ment and the 8 kd membrane loop that Ramjeesingh ef al.545° have analyzed. Gui- 
dotti'"? has made two important observations that have been instrumental in con- 
structing our model; first that those segments of membrane proteins that run 
through the membrane could be expected to have a high a-helix content,'?' and sec- 
ond, that there are great similarities in the structure of the intrinsic proteins that span 
membranes. There are 137 residues in the 15 kd membrane transport fragment of 
band 3 and 84 residues in the membrane loop. Since the residues form a continuous 
sequence from the N terminus on the 15 kd segment to the C terminus of the 8 kd 
segment and since the N and C termini are on opposite sides of the membrane, this 
sequence must cross the membrane an odd number of times. 

Our structure has been modeled on that of bacteriorhodopsin given by Engel- 
man её а!. ,!% which comprises a compact assembly of seven a-helical regions lacing 
through the membrane. Six of the seven a-helical chains in bacteriorhodopsin aver- 
age 26 residues in length, including one extra residue at each terminal of the a-helical 
segment; each segment is about 10 À in diameter. The connections between the 
segments are of varying length; the shortest requires only the single residue at the end 
of each helix that 1s included in the 26-residue figure; the longest includes 9 addi- 
tional residues. There are a total of 247 residues in the seven a-helices, or 35 residues 
per a-helical leg. If the 221 residues in the membrane-transport sequence plus the 
membrane loop were composed similarly of a-helical legs, five a-helices would aver- 
age 44 residues per leg and seven would average 32 residues per leg. 

In constructing our molecular model for the aqueous pore, we have been guided 
by the following set of basic principles. (1) The aqueous pore is located between two 
monomers in a dimeric structure because most known examples of aqueous channels 
are formed between oligomers of membrane proteins (Wiley, personal communica- 
tion). (2) The membrane transport assembly is presumed to consist of a number of 
a-helical legs, similar to bacteriorhodopsin, with an odd number of crossings in each 
monomer. (3) The hydrophilic residues of the a-helical assembly are in contact with 
the aqueous channel and the hydrophobic residues stabilize the assembly by contacts 
between the a-helical legs and the membrane lipids. (4) The model must conform to 
the restraints that the cryptic sixth SH is outside of the DIDS site and that the two 
SH groups on the membrane loop are so close that they can cross-link readily.5? 

Since band 3 is a non-covalent dimer, we explored the various ways in which an 
odd number of a-helical runs in each monomer might be combined to form a pore of 
about 9 А diameter. A particularly attractive structure is the symmetrical hexagonal 
array (shown at the bottom right of Есове 12) that comprises an inner ring of 
a-helices 1, 2, and 4, taken twice, that surround the space reserved for the central 
a-helix. By removing the central a-helix and considering the vacated space as the 
pore, a symmetrical structure could be constructed in which a 10 À pore was formed 
between the two halves of the dimer. The array would be stabilized by the hydro- 
phobic and hydrophilic contacts described above. 

We have numbered the residues consecutively from the N terminal, based on an 
average of 108 daltons per residue, as shown in FicunE 12. Ramjeesingh et а/.°* have 
located the H;DIDS binding site of band 3 in a 2 kd segment between residues 54 and 
73 as shown in the kilodalton map at the top of FiGunE 12. As previously stated, Rao 
et а!.,55 who have shown that the DIDS site is located some 34 to 42 À away from the 
SH sites on the 43 kd cytoplasmic N-terminal fragment, suggest that the DIDS site is 
located in a cleft on the extracellular surface of the membrane. Rothstein and Ram- 
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FIGURE 12. Suggested a-helical model of aqueous channel in red cell membrane. 


jeesingh? have located the cryptic sixth SH group 2 kd further along the transport 
fragment, which corresponds to residue 91 in FicunE 12 by our calculation. 

We have placed these sites on adjacent a-helices, as shown in the a-helix map in 
FIGURE 12, for the following reasons. The minimum distance between the cryptic 
sixth SH group and the H,DIDS site is 18 residues, which corresponds to about 28 A 
if the protein is in an a-helical conformation. Assuming that the site of the anion- 
transport inhibition is on helix 1 within a few angstroms of the H;DIDS reaction site, 
the Rao ег al. experiments place the site no more than about 10 А below the extracel- 
lular face. Thus it is not possible for the cryptic sixth SH to be on the same helical 
leg; we have placed it on the adjacent helix 2, which requires that the junction be- 
tween helix 1 and helix 2 be at the outer face of the membrane. The actual depth of 
the cryptic sixth SH within the pore is determined by the length of the connector 
stretch between helices 1 and 2. 

Rothstein and Ramjeesingh?' have shown that the first SH group in the 8 kd 
membrane loop (computed to be residue 230) is 3 kd from the external N-terminus of 
the loop; the second SH is 1.7 kd further along (residue 246) and the C-terminus of 
the loop is extracellular. Three kilodaltons are equivalent to 28 residues, just long 
enough for a a-helix to reach from the extracellular N-terminus of the membrane 
loop to an SH placed on the intracellular face. The 1.7 kd stretch between the two 
SH groups (rounded to 2 kd in FicunE 12) may be presumed to be in the cytoplasm. 
The remaining 3.3 kd in the membrane loop permits an a-helical leg to run from the 
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second SH placed on the intracellular face to the extracellular C-terminus of the 
membrane loop. This arrangement places the two SH groups close together on the 
intracellular face and is well adapted to produce the spontaneous cross-linking that 
Rao and Reithmeier?? have observed in red cell ghosts. Since the C-terminus of helix 
2 (considered as a fragment) is inside the membrane and the N-terminus of helix 4 is 
outside the membrane, another crossing is necessary. We assume this crossing to go 
via a-helix 3, which must lie between residues 91 and 137 in the membrane-transport 
sequence. а-Нейх 3 has no known transport function апа we have placed it in the 
lipid and denoted it by a dashed line rather than a full line in Ficure 12. 

Our model fits moderately well with the restraints offered by the polarity'™ of 
the several sequences as shown in the hydrophobic map of Ficure 12. The most 
polar of the residues in the 15 kd membrane-transport sequence are in the two central 
2 kd segments. They are presumed to constitute a significant portion of a-helices 1 
and 2, which are in contact with the aqueous channel in the pore. Residue 91 in the 
41% hydrophobic 7 kd fragment is also in the aqueous channel but is counterbal- 
anced by a-helix 3, which runs through the lipid. The membrane loop is only 25% 
hydrophobic. This can be accounted for, in part, by the cytoplasmic location of the 
stretch from residues 230 to 246 and the fact that helix 4 is also considered to be in 
contact with the aqueous pore. If the hexagonal symmetry is to be preserved, helix 5 
must be in the lipid domain. 

The picture that emerges incorporates band 3 as the centerpiece of a macromo- 
lecular array of proteins responsible for governing the passive transport of water, 
nonelectrolytes, anions, and cations into and out of the red cell. The residues on the 
a-helices in contact with the aqueous pore would be specified genetically to form the 
hydrogen bonds that govern the selectivity found in organic anion and nonelectrolyte 
transport. Although a significant number of questions remain to be resolved, the ex- 
periments reported here support many of the interlocking features required by the 
model, which would provide a delicately organized and easily controlled system of 
governance of the traffic across the membrane. 
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INTRODUCTION 


Plasma membranes play an essential role in the establishment and the mainte- 
nance of the transmembrane conditions necessary for the transmission of biological 
signals. Originally much of the work directed towards the elucidation of the mecha- 
nism of signal transduction focused on the protein components of membranes, since 
it was thought that in these lie the molecular basis for hormone recognition, trans- 
membrane signaling, and gated or controlled ionic сһаппе1ѕ.!-* It has become in- 
creasingly clear, however, that the lipid moieties of the plasma membrane play, in 
concert with or independent of the protein constituents, an essential role in many of 
these biological functions. The modulation of the reactivity of several membrane 
enzymes, such as various ATPases, and of the transport activity of ion carriers by 
various phospholipids has been well documented. 

The hormone-like actions of arachidonic acid metabolites have been recognized 
somewhat more recently. Prostaglandins represent probably the best known such 
family of components. Their effects, often mediated by the alteration of the levels of 
cyclic nucleotides, resemble significantly more those of classical hormones than does 
the modulation of enzymatic activities by phospholipids. 

A new metabolic pathway for arachidonic acid has recently been discovered and 
characterized.9? This pathway is initiated by one or more of several lipoxygenases 
differing in positional specificity. A whole family of compounds with potent biologi- 
cal activities are thus generated, the best known being the various leukotrienes. From 
the limited information gathered in the few years since their discovery, leukotrienes 
have been shown to be of critical importance in various immediate hypersensitivity 
reactions and to activate mast cells, vascular and pulmonary smooth muscle cells, 
and several types of leukocytes. 

The rest of the presentation will be devoted to the description of a cellular 
model that has been used to study the mechanism of action of arachidonic acid. 


CELLULAR MODEL FOR THE STUDY OF THE MODE ОЕ ACTION OF ARACHIDONIC ACID 


Polymorphonuclear leukocytes (or neutrophils) present an excellent opportu- 
nity for such a study. Several neutrophil stimuli of probable physiological and path- 
ological significance are known and available. The functions elicited are well defined 
and easy to assay. Finally, neutrophils are known to respond to the addition of exog- 
enous arachidonic acid and to metabolize it through one or more metabolic path- 
ways depending on the species (see Klebanoff and Clark® for an exhaustive survey of 
the neutrophils). 
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Neutrophils present the first line of defense against foreign and pathogenic ele- 
ments. As such they have to perform several functions. Neutrophils detect, move to- 
wards, and accumulate at sites of injury or infection. This phenomenon, elicited by 
the detection of soluble factors, is termed directed locomotion or chemotaxis. Most 
neutrophil stimuli are chemotactic factors, i.e. they cause neutrophils to move up a 
concentration gradient of the stimulus. 

Once at the site of infection, neutrophils ingest or phagocytize the desired parti- 
cles. This process is followed by the discharge of the neutrophils’ various lysosomes 
and granules into the phagocytic vacuole thereby promoting the degradation and 
neutralization of the engulfed particle or organism. 

Chemotaxis, phagocytosis, degranulation, and aggregation with the attendant 
changes in cell shape,’ all depend on the mechanical displacement of part of or the 
whole cell. Mechano-chemical coupling is thus an essential component of each of 
these functions. 

It is partly on the basis of the analogy to excitation-contraction coupling in skel- 
etal muscle, implicit in the previous statement, that efforts have been made over the 
past few years to define the sequence of events that leads from the recognition of 
chemotactic factors by neutrophils to the expression of the desired function (Fic- 
URE 1). 

The description by Schiffman ef al. of the chemokinetic and chemotactic ac- 
tivity of synthetic formyl-oligopeptides has led to the identification of plasma mem- 
brane-located specific binding sites on neutrophils and monocytes.''^'? These recep- 
tors behave much the same as classical peptide hormone receptors as far as their 
physical characteristics thus allowing the definition of one or more!*5 sets of bind- 
ing sites with distinct affinities. In addition, these binding sites, and the functions 
elicited upon their occupation, display the characteristic down-regulation or desensi- 
tization behavior upon a prior exposure to the same stimuli'5? (see also Becker ег 
al.” for a recent summary of the data on down-regulation in neutrophils). Work is 
currently in progress in several laboratories on the understanding of the physiologi- 
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FIGURE 1. Schematic diagram of neutrophil activation. 
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cal regulation of the binding affinities and оп the molecular identification of the 
membrane components there involved.?!-?? 

It is generally agreed that the neutrophil’s second messenger function is fulfilled 
by calcium.?? The evidence concerning the modulation of the intracellular levels of 
calcium will be summarized later. The postulated central role of calcium in neutro- 
phil activation is in keeping with these cells’ requirement for mechano-chemical 
transduction for the performance of their functions. The identification of actin, 
myosin, and several regulatory proteins in most non-muscle cells,?*25 including the 
neutrophils,?*?" reinforces this concept. 

Receptor occupation by chemotactic factors activates several biochemical 
events. These include rapid changes in cation (Na* and Са”) movements,?**?! rapid 
changes іп the plasma membrane potential,??^?$ transient rises in cyclic АМР?” and 
possibly cyclic СМР,“ the stimulation of the oxidative metabolism of the neutro- 
phils,*-*^ the phosphorylation of several proteins,“ and finally lipid changes, such 
as increased phosphatidylinositol turnover (the PI effect),*9^" phospholipid methyla- 
Поп,“ and increased arachidonic acid mobilization and metabolism.**°°* Tt is 
upon the latter two events, and their possible relationship to the modulation of the 
intracellular levels of calcium (the second messenger), that we would like to focus 
now. 


ARACHIDONIC ACID METABOLISM 


Two critical features of the handling of arachidonic acid by mammalian cells 
underlie its modulatory role of various cellular functions (FicuRE 2). Under resting 
conditions most animal cells contain little if any free arachidonic acid. Relatively 
large changes in the concentration of free arachidonic acid can thus be accomplished 
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Ficure 2. Diagrammatic representation of the major metabolic pathways of arachidonic 
acid. Emphasis was placed on those pathways leading to the generation of compounds with 
known biological activities. The interactions between lipoxygenases and cyclooxygenase and 
their products have been omitted for simplicity. 
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upon the liberation of small amounts of previously esterified fatty acid. The bio- 
chemical mechanisms related to the stimuli-induced liberation of arachidonic acid 
are still somewhat controversial although the involvement of one or more lipases 
(phospholipase А; and C and diglyceride lipase in particular) is generally accepted.** 
Once released, arachidonic acid is rapidly converted to sets of biologically active 
compounds (prostaglandins, thromboxanes, and leukotrienes) and thus, the libera- 
tion of small quantities of arachidonic acid results in the generation of large amounts 
of biological activity. 

Arachidonic acid metabolism generates three families of compounds with bio- 
logical activities. The synthesis of the prostaglandins and the thromboxanes is initi- 
ated by the cyclo-oxygenase and the synthesis of the leukotrienes by the lipoxygena- 
ses. The relative importance of each of these pathways depends on the cell source. In 
some cells, such as the platelets, arachidonic acid is metabolized by the three path- 
ways, while in other cells, such as the neutrophils, the metabolism of arachidonic 
acid proceeds predominantly through the lipoxygenase pathway. 

Several lipoxygenases with differing positional specificities have been described. 
Here again the exact mix of these various enzymes depends on the cellular source, the 
platelet exhibiting predominantly the 12-lipoxygenase and the neutrophils, both the 
5- and the 15-lipoxygenases. In each case the corresponding hydroperoxy derivative 
of arachidonic acid is formed. The latter can either be spontaneously hydrolyzed to 
form the corresponding hydroxy eicosatetraenoic acid (HETE) or, in the case of the 
5-lipoxygenase, be enzymatically converted to an unstable epoxide, leukotriene A4, 
that reacts rapidly with water to form leukotriene B,, a dihydroxy derivative of ara- 
chidonic acid or, in the presence of cysteine-containing peptides, to leukotriene C,, 
D4, and E,.*" Leukotriene В, has recently been shown to be w-oxidized to form 
20-OH leukotriene B,, the latter being further metabolized to the dicarboxylic acid 
20-COOH-leukotriene B,.5^ 

The interrelation between the various lipoxygenases and their products is cur- 
rently under active investigation. Double dioxygenation of arachidonic acid through 
the 5- and 12-lipoxygenase and the 5- and 15-lipoxygenase have thus been demon- 
strated.°° In addition, 5-HPETE has been shown to increase the release of arachi- 
donic acid induced by chemotactic factors in the human promyelocytic leukemia cell 
line НТ.60.57 : 

The significance of the various leukotrienes rests in their profound effects both 
on the cells of origin and on target cells (FicurE 3).575*5! Leukotrienes C,, D4, and 
E, have thus been shown to be the active constituents of slow-reacting substance of 
anaphylaxis (SRS-A) and as such are potent bronchoconstrictors (leukotrienes are 
about a 1,000-fold more active than histamine in this respect) and vascular perme- 
ability-increasing factors. Leukotriene B, is one of the most active neutrophil stim- 
uli, inducing, among others, at nanomolar and subnanomolar concentrations, 
chemotactic, aggregatory, and degranulation responses from neutrophils of several 
species. The complexity of the in vivo effects of leukotrienes and of their modulation 
has been highlighted by the description of synergistic effects on plasma exudation be- 


tween leukotrienes and prostaglandins and by the opposing effects of the latter on 
bronchial constriction. 


MECHANISM OF ACTION OF LEUKOTRIENE B, 


Understanding the basis for the actions of these various lipid stimuli and others, 
such as the recently characterized platelet-activating factor, has thus become a ques- 
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Ficure 3. A summary of the major biological activities of the various leukotrienes. 


tion central to cell physiology and to the clinical status of immediate hypersensitivity, 
asthma, and inflammation. 

The majority of the neutrophil functions are, as already pointed out, contrac- 
tile-dependent events. The bronchoconstrictive and contractile responses to SRS-A 
(and to the leukotrienes) are similarly presumably dependent on calcium-activated 
events. 

In part, on the basis of these considerations, we have recently been detailing the 
effects of one leukotriene, leukotriene B,, on calcium mobilization in neutrophils, 
one of the tissues of origin of leukotriene B, and its apparently major target. 

These investigations, and the concurrent functional studies (chemotaxis, de- 
granulation, and aggregation) have proceeded along two main lines: (1) the direct 
measurement of the effects of exogenously added arachidonic acid, the precursor of 
the leukotrienes, or of individual, purified lipoxygenase metabolites and (2) a phar- 
macological approach designed to determine the effects of inhibitors of arachidonic 
acid mobilization and metabolism on stimulated neutrophil functions. 

A brief presentation of the mechanism of calcium mobilization in rabbit neutro- 
phils is warranted before proceeding to a description of the effects of arachidonic 
acid and leukotriene B4. 

Chemotactic factors, such as the synthetic peptide formyl-methionyl-leucyl- 
phenylalanine (f-Met-Leu-Phe) and the small molecular weight fragment of the fifth 
component of complement (С5а), have been shown to increase rapidly the neutro- 
phils’ level of exchangeable calcium.?**!' This is manifested by an increase in the 
steady-state level of cell-associated “Са in the presence of concentrations of extra- 
cellular calcium in excess of 50 uM (Ficure 4). This increase is dose-dependent апа 
occurs at physiologically relevant concentrations of the chemotactic factors. 

The additional calcuim required for the increase in the neutrophils’ level of ex- 
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Ficure 4. The extracellular calcium dependence of the f-Met-Leu-Phe-induced changes 
in the steady-state levels of the neutrophils’ calcium-specific activity. This graph is derived from 
data presented in Petroski et a/.?? in which the experimental protocols are detailed. 


changeable calcium is derived from two sources. An intracellular source was ex- 
perimentally detected by measuring one or more of three parameters: (1) the steady- 
state level of cell-associated “5Са in the presence of low (< 50 uM) concentrations of 
extracellular calcium; i.e., in the absence of an inwardly directed electrochemical 
gradient for calcium, (2) the rate of “Ca efflux from preloaded cells, and (3) the flu- 
orescent characteristics of chlortetracycline, a fluorescent chelate probe sensitive to 
the presence or absence of calcium in its environment.9?-5 Ап extracellular source 
manifested indirectly by increases in the initial rate of “5Са influx, the extracellular 
calcium dependence of the changes in the steady-state levels of exchangeable cal- 
cium, and, finally, by the enhancement of the functional responsiveness of neutro- 
phils that 15 observed in the presence of calcium as compared to that seen in its ab- 
sence. 

The present working model of chemotactic factor-induced calcium mobilization 
in neutrophils thus possesses the following characteristics: the binding of the chemo- 
tactic factors to their plasma membrane receptors causes the graded release of a pre- 
viously unexchangeable pool of membrane calcium; subsequent to the release of cal- 
cium, and possibly as a consequence of it, the inward plasma membrane permeabil- 
ity to calcium is increased; as a result of the above events, the intracellular concentra- 
tion of exchangeable, and by extension, free calcium is increased thereby initiating 
neutrophil responsiveness; and activating the membrane-located, ATPase-driven 
calcium pump*5?" responsible for the restoration of the cytoplasmic level of calcium. 

It is thus believed that the intracellular redistribution of calcium is one of the 
earliest events following receptor occupation and that it plays a central and essential 
role in initiating the various neutrophils functions previously mentioned. In this 
view, the role of extracellular calcium, and of the chemotactic factor-induced net 
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calcium uptake, is a modulatory or amplifying one. In the presence of extracellular 
calcium, significantly lower concentrations (1/10 to 1/100) of chemotactic factors 
are required to achieve the same level of activation than in its absence (see Sha’afi 
and Naccache? for more details about calcium homeostasis inrneutrophils). 

At submicromolar concentrations exogenous arachidonic acid induces chemo- 
tactic, secretory, and aggregatory responses from neutrophils from some species, 
such as rabbit, but essentially none from others, such as human cells. These species 
differences are thought to be related to the endogenous metabolic activity of the vari- 
ous cell populations—rabbit peritoneal neutrophils metabolize exogenous arachi- 
donic acid to a significantly greater extent than human peripheral neutrophils, for 
example. 

The characteristics of the rabbit neutrophil responses to arachidonic acid in 
many ways resemble those responses to the chemotactic factors. Many of the same 
functions are elicited, e.g., chemotaxis, aggregation, and degranulation. The similar- 
ities between the degranulation of rabbit neutrophils induced by f-Met-Leu-Phe and 
arachidonic acid are particularly striking. Both stimuli require the presence of the 
fungal metabolite cytochalasin B for the expression of their secretory activity. Secre- 
tion proceeds rapidly, being essentially complete by 2-3 minutes, and is significantly 
enhanced in the presence of extracellular calcium.® In addition, the responses to 
these two stimuli are essentially similarly sensitive to a variety of inhibitors.9? A simi- 
lar parallelism between f-Met-Leu-Phe and arachidonic acid-induced neutrophil ag- 
gregation has also been noted.* 

In view of the metabolic pathways available to arachidonic acid and of the spe- 
cies' specificity of its biological effects, the question immediately arose as to whether 
its neutrophil-directed biological activities were caused by itself or by one or more of 
its metabolites. The answer to this question was biased towards the latter possibility 
when it was found that several compounds with antagonist properties towards arach- 
idonic acid metabolism (such as the lipoxygenase inhibitors nordihydroguaiaretic 
acid, 5,8,11,14-eicosatetraynoic acid, quercetin, and BW 755С) all significantly de- 
pressed the responses of the neutrophil to chemotactic factors and to arachidonic 
асій.68-7! In addition, a direct correlation has been demonstrated between the inhibi- 
tion of the arachidonic acid-induced neutrophil degranulation by nordihydroguaiar- 
etic acid and the inhibition of the lipoxygenase activity of these cells.?? 

More direct confirmation of a role for arachidonic acid metabolites in neutro- 
phil responsiveness came from studies with purified lipoxygenase products. The re- 
sults of these studies demonstrated that several products of the lipoxygenase path- 
way possessed chemotactic activity towards neutrophils. The activity of the mono- 
НЕТЕ as chemoattractants is expressed at concentrations in the range of 0.1-10 mi- 
сгото1аг, 73:74 essentially no increase in activity over that of arachidonic acid. Leuko- 
triene B,, on the other hand, has recently been found to be a potent neutrophil stim- 
ulus at nanomolar concentrations.757*?? Leukotriene B, is thus, on a molar basis, at 
least 100 to 1,000 times more active than arachidonic acid or the monoHETEs. Re- 
cent studies with the natural metabolites of leukotriene B, have in addition demon- 
strated that the latter are significantly less active than leukotriene B, as neutrophil 
and smooth muscle agonists. 8*8? 

It is thus reasonably clear that most of the agonist properties of arachidonic acid 
towards neutrophils are attributable to the generation of leukotriene B4. The forma- 
tion from endogenous arachidonic acid of 20-OH leukotriene В,, and by implica- 
tion, of leukotriene B, in human neutrophils,** and that of leukotriene B, itself from 
the human promyelocytic leukemia cell line HL60*? upon stimulation by chemotactic 
factors has also been recently reported. 

Little is known about the mechanism of action of leukotriene B,. Its activity has 
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Ficure 5. Effect of leukotriene B, and of some of its stereo isomers on the initial rate 
of *Са influx in rabbit neutrophils. This graph summarizes data previously published in Nac- 
cache et а1.%:91 Symbols are as follows: filled circles: no additions; filled triangles: leukotriene 
B,; open squares: A°-trans-12 epi-leukotriene B4; open triangles: A-trans-leukotriene B4; open 
circles: 5(S),12(S)diHETE. 


been found to be extremely sensitive to the stereogeometry of the double bonds in 
the triene structure and of the hydroxyl groups, modifications of the natural config- 
uration resulting in shifts in activity of 50- to 100-fold.97:55-5? The sensitivity of the 
biological activity of leukotriene B, to even subtle changes in its configuration cou- 
pled with competition experiments with analogues and derivatives of leukotriene 
В,,98 have led to the suggestion that the effects of leukotriene B, were receptor medi- 
ated. The leukotriene B, receptors appear to be distinct from those of the formyl- 
methionyl peptides or of C5a.5* The location and characterization of these putative 
receptors has just started*? and remains to be carried out in details. 

Leukotriene B,, at concentrations similar to those required for the expression of 
its biological activities, rapidly increases the rate of uptake of *Ca in rabbit neutro- 
phils.*?°°-?' Leukotriene B, is at least 100 times more active than any of the mono- 
HETES tested. The efficacy of leukotriene B, in the calcium uptake assay thus 
closely parallels its chemotactic, aggregatory, and secretory activities.?? The effect of 
leukotriene B, on calcium uptake displayed the same stereospecificity as that of its 
biological effects, i.e. only natural leukotriene B, is active (FicuRE 5). In addition, 
the activity of the leukotriene B, decreases as it is further metabolized by the cells 
(FIGURE 6). The w-hydroxylation of leukotriene B, results in a compound nearly as 
active as leukotriene B, itself as far as its ability to increase “Са uptake and to aggre- 
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gate the cells. 20-OH leukotriene B, is however significantly less active than leuko- 
triene B, as a neutrophil secretagogue. The dicarboxylic acid 20-COOH-leukotriene 
B, is essentially inactive, up to the concentrations tested, in the calcium uptake and 
the functional аззауз. 82 The basis for the differentiation by 20-OH leukotriene B, be- 
tween aggregation and degranulation is not known at present although it might be re- 
lated to the existence of different thresholds of cytoplasmic calcium for the initiation 
of different functions — degranulation requiring, according to this hypothesis, higher 
levels of calcium than aggregation. 

The finding that leukotriene B, increased the rate оҒ“5Са uptake and the appar- 
ent close parallelism between the ability of the various metabolites to increase the 
rate оҒ“5Са uptake and induce several neutrophil functions prompted a detailed ex- 
amination of the effects of leukotriene B, on calcium homeostasis in rabbit neutro- 
phils.?? These studies were modeled upon the scheme of chemotactic factor-induced 
calcium mobilization previously outlined. 

Leukotriene B,, as f-Met-Leu-Phe, rapidly increases the neutrophils’ levels of 
exchangeable calcium. This additional calcium appears to be derived from the extra- 
cellular medium and an intracellular source. 

The evidence for a leukotriene B,-induced increase in permeability to calcium 
is, as was the case for f-Met-Leu-Phe, indirect, as it cannot be demonstrated experi- 
mentally in the absence of the concurrent redistribution of intracellular calcium. 
Nevertheless, the rapid increases in the initial rate of uptake of “Са and in the 
steady-state level of *Ca in the presence of close to physiological concentrations of 
calcium, together with the enhancing effect of extracellular calcium on the leukotriene 
B,-induced neutrophil degranulation,® all argue for the existence of a stimulus- 
induced increase in permeability to calcium. $ 

The redistribution of intracellular calcium is manifested under two sets of exper- 
imental conditions. (1) In the absence of added extracellular calcium, leukotriene В, 
causes a transient decrease in the steady-state level of Ca. The increase in cytoplas- 
mic concentration of free calcium resulting from the sudden release of a pool of pre- 
viously unexchangeable calcium, activates the outward-directed calcium pump and 
produces the observed drop in the steady-state level of ““Ca. The subsequent return 
to the prestimulation level of “5Са is a reflection of the reequilibration of the cells’ 
specific activity of “Са temporarily lowered by the addition of previously unex- 
changeable calcium and thus of low specific activity. (2) Leukotriene B, rapidly in- 
creases the rate of “Са efflux from preloaded cells. This parameter, particularly in 
conjunction with the previously described changes in the steady-state level of *Са, 
has been interpreted in several systems as a reflection of an intracellular redistribu- 
tion of calcium. 

It is thus clearly established that leukotriene B, is a potent and multifunctional 
neutrophil stimulus and it appears probable that its activities are related to its ability 
to mobilize calcium by essentially the same mechanisms as chemotactic factors such 
as f-Met-Leu-Phe. 

Two interrelated questions arise at this point (FIGURE 7). First, given that the ac- 
tivation of the lipoxygenase path way is sufficient to initiate several neutrophil func- 
tions, is it also a necessary condition for the cell's responsiveness? Secondly, what is 
the physiological role of leukotriene B,? Is leukotriene B, a “first messenger" and 
therefore a sufficient, but not necessary condition, designed to amplify the recruit- 
ment of neutrophils to the required sites, or is it an intracellular mediator of the ef- 
fects of chemotactic factors and therefore both a necessary and sufficient condition 
for neutrophil activation? 


Although the evidence available to date does not allow an unambiguous answer 
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A. INTRACELLULAR MEDIATOR OF THE ACTIONS OF CHEMOTACTIC FACTORS 


(A necessary and sufficient condition for neutrophil activation) 


B. INTER-CELLULAR ("FIRST MESSENGER") ROLE 


(A sufficient but not necessary condition for neutrophil activation) 


FicunE 7. The possible physiological roles of leukotriene В, and their causal relationship 
to neutrophil activation. 


to the above two questions, the following lines of evidence argue in favor of an inter- 
cellular role for leukotriene B,. 

(1) Leukotriene B,, when formed upon stimulation by chemotactic factors, is re- 
covered rapidly in the cells’ supernatants.?^ An in vivo correlate of this is the recov- 
ery of leukotriene B, from various inflammatory fluids.?? One might expect a com- 
pound produced by cells for an intracellular role not to diffuse so readily to the ex- 
tracellular fluids. 

(2) Exogenous leukotriene B4 mimics several of the effects of chemotactic fac- 
tors and acts just about as rapidly as the latter while a delay may be expected for an 
intracellular mediator to diffuse into the cells. It may be relevant to note that leuko- 
triene B, does not stimulate the О, consumption and the production of potentially 
toxic oxygen species in neutrophils.?? This would be a desirable feature of a com- 
pound whose prime function is to facilitate or speed up the movement of cells along 
healthy surfaces and towards sites of infection. 

(3) Finally, it has been shown that neutrophils preincubated with chemotactic 
factors such as f-Met-Leu-Phe and C5a lose their ability to respond to further stimu- 
lation by the same factors and by arachidonic acid and leukotriene B,. On the other 
hand, preincubation of the neutrophils with the lipid factors only reduces the ability 
of the neutrophils to respond to arachidonic acid and to leukotriene B4. Тһе re- 
sponse to f-Met-Leu-Phe is unaffected.9?.9*-?* The direct implication of these results 
is that f-Met-Leu-Phe is capable of activating neutrophils even when the arachidonic 
acid-leukotriene B, pathway is functionally ineffective (i.e. deactivated). 

The ambiguities inherent in the interpretation of the results just summarized 
should however be kept in mind. It should prove difficult to clearly distinguish be- 
tween the above two hypotheses concerning the exact role of leukotriene B, as most 
of the criteria used to define first and second messengers are at least experimentally, 
if not conceptually, related. 

The mechanism by which leukotriene B, mobilizes calcium in rabbit neutrophils 
differs in several important features from that of a classical calcium ionophore, such 
as A23187. 

First and perhaps most fundamentally, the effects of leukotriene B, are cell spe- 
cific while A23187 will transport calcium across virtually any lipid bilayer, biological 
and synthetic. 

Secondly, the cell specificity of the effects of leukotriene B, together with the 
extreme sensitivity of the various biological activities of leukotriene B, to relatively 
minor stereochemical modifications, argue strongly in favor of a specific binding site 
or receptor. A23187 on the other hand is thought to diffuse and partition non-specif- 
ically into the hydrophobic environments of the membranes it is added to. 

Thirdly, leukotriene B,, in addition to increasing the rate of uptake of calcium, 
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also enhances the initial rate of uptake of ?Na in rabbit neutrophils.’ The latter, but 
not the former effect of leukotriene B, is sensitive to the K*-sparing diuretic amilo- 
ride.” A23187 exhibits significantly greater selectivity than leukotriene В, towards 
calcium. Its effects are unlikely to be inhibited by amiloride. 

Fourthly, the deactivation experiments previously described are difficult to rec- 
oncile with the concept of an ionophore. Why should the pretreatment of the cells 
with a peptide acting through its plasma membrane receptors inhibit leukotriene B,, 
were it to be an ionophore, from stimulating **Ca uptake into neutrophils? 


CONCLUSIONS 


The model that emerges from these considerations is therefore one in which 
neutrophils first recognize one of the “classical” chemotactic factors, such as f-Met- 
Leu-Phe and C5a. The latter induce, probably іп а Ca?*-dependent таппег,% the 
generation and release of leukotriene B,. The fatty acid will then interact specifically 
with binding sites or receptors on (or in) neighboring cells. Activating essentially the 
same events as chemotactic factors, leukotriene B, then increases calcium mobiliza- 
tion and cellular responsiveness. The essential function of leukotriene B, would 
therefore be to amplify or stabilize the chemotactic gradients. 

The studies presented above represent the initial attempt at defining the mode of 
action of one leukotriene (leukotriene B,) in one cell (the neutrophils). Significantly 
more work is required to characterize the latter in terms less tentative than those 
presently used. In addition, the mechanism of action of the other leukotrienes (leu- 
kotriene C,, D4, and E,) remains essentially totally unknown. The possibility of simi- 
larities between the mechanism of action of leukotriene B, and that of leukotriene 
C,, D4, and E, appears to be worthy of exploration. 
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Cholesterol is a widely distributed sterol found in many types of animal cell 
membranes.'? It is believed to be an essential component of membranes, in particu- 
lar the plasma membrane, which is its richest source. Much attention has focused on 
the interaction of cholesterol with membrane phospholipids and many biophysical 
techniques have been applied to the study of these interactions, including x-ray dif- 
fraction,? differential scanning calorimetry,?? and a variety of spectroscopic tech- 
niques.^ With these techniques, it has been shown that the fatty acyl chains of phos- 
pholipids, such as phosphatidylcholine (PC), which are in the disordered liquid-crys- 
talline state, become less mobile because of hydrophobic interactions between cho- 
lesterol and PC (condensing effect of cholesterol). In contrast, the fatty acyl chains 
of PC that are in the ordered gel state become more mobile in the presence of choles- 
terol (liquefying effect of cholesterol). Thus, cholesterol modifies the motional free- 
dom of fatty acyl chains in membranes, enhancing the movement of gel-state chains 
and decreasing that of fluid-state chains. Through studies mainly with liposomes, 
and to a lesser extent with monolayers, the parameters found to be central to this in- 
teraction with phospholipids are a 38-hydroxyl group, a planar steroid-ring nucleus, 
and an isoprenoid side chain of precise size and saturation."-? 

Few studies have investigated the effects of low concentrations of cholesterol (< 
10 mol?) in membranes; the majority of studies have examined concentrations be- 
tween 10-50 mol%. This is despite several biological membranes, including some 
types of endoplasmic reticulum, synaptic vesicles, and mitochondrial membranes, 
having cholesterol contents of less than 10 то1%.:8 The separation of lipids into dif- 
ferent domains in membranes? suggests that cholesterol-poor domains could feasibly 
exist in cholesterol-rich membranes. Studies with filipin indicate that cholesterol-rich 
domains do indeed exist in membranes and that cholesterol is not homogeneously 
distributed in the plane of the membrane.'?''! Thus, one objective of this study was 
to examine in detail the effects of cholesterol at low concentrations. 


* Supported by the Academy of Medical Sciences and Ministry of Education and 
Teaching (Romania) and the National Science Foundation (USA). 
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The second objective was to study in parallel with the effects of cholesterol the 
ordering effects of low and high concentrations of 25-hydroxycholesterol on egg PC 
fatty acyl chains. 25-Hydroxycholesterol is one of the major auto-oxidation products 
of cholesterol.'? It has been speculated that small amounts are synthesized in certain 
animal tissues in vivo.? Concern has been expressed over the possibility that sub- 
stantial amounts of this sterol and other oxygenated derivatives are present in pro- 
cessed or deep-fried foods containing cholesterol.!^'5 Recent studies have shown 
that 25-hydroxycholesterol is an extremely potent atherogenic factor and that low 
concentrations are toxic to cultured, aortic smooth muscle cells.'* Biochemical stud- 
ies indicate that 25-hydroxycholesterol is an effective inhibitor of cholesterol biosyn- 
thesis, acting through the inhibition of the activity of a key regulatory enzyme in the 
biosynthetic pathway, 3-hydroxy-3-methyl glutaryl coenzyme A (НМССОА) reduc- 
tase.'? The mechanism by which 25-hydroxycholesterol suppresses activity of this en- 
zyme is not known. The effect is not direct, as the activity of microsomal prepara- 
tions is not affected by the addition of inhibitory sterols.'? Oxidized derivatives of 
cholesterol exert pleiotropic effects on cellular metabolism, perturbing such func- 
tions as DNA synthesis!'* and membrane permeability.'? Attempts have been made to 
rationalize this multitude of effects as being solely related to the inhibition of sterol 
biosynthesis and a resultant decrease in the cholesterol content of cellular mem- 
branes.'?? However, the discordant effects of certain oxygenated sterols on sterol 
and DNA synthesis,?? as well as the failure to detect altered membrane permeabilities 
in cells whose membrane cholesterol content was altered by a different means,”' sug- 
gest that different mechanisms must be invoked to explain the entire range of effects 
of oxidized sterols. One plausible mechanism to explain some of the effects of 25-hy- 
droxycholesterol, particularly its effect on membrane permeability, is its insertion 
into the membrane. It has been proposed that oxygenated sterols affect red blood 
cell morphology by this means.? 

Studies on the effects of 25-hydroxycholesterol on the physical properties of 
membrane lipids are limited. А recent spin-labeling study using 5-doxylstearic acid 
reported that concentrations of up to 15 mol% of the sterol increase membrane or- 
der to a greater extent than cholesterol, whereas concentrations above 15 mol% pro- 
duce no further increase in membrane order, in contrast to the effect of choles- 
terol.” 

We report here our study of the interactions of cholesterol and 25-hydroxycho- 
lesterol with egg yolk PC in liposomes. We have used electron spin resonance (ESR) 
to analyze the spectra of various spin-labeled probes. This technique, because of its 
high sensitivity, has proved to be useful for investigating the effects of cholesterol on 
molecular interactions in membranes.” Although the bulk of the spin label may it- 
self contribute to molecular disorder, results obtained with spin-labeling techniques 
agree qualitatively with those obtained by other techniques, such as NMR and fluo- 
rescence spectroscopy. 


EXPERIMENTAL PROCEDURES 
Materials 


Chromatographically pure egg yolk phosphatidylcholine was purchased from 
Lipid Products (South Nutfield, U.K.) or was prepared according to Singleton et 
al. Cholesterol was purchased from Koch-Light (Coinbrook, U.K.) and 
25-hydroxycholesterol from Steraloids (Wilton, NH). The spin labels (5-, 12-, or 
16-doxylstearic acid) were obtained from Syva Corp. (Palo Alto, CA) and 
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TEMPO was synthesized according to Rozantsev.*? All chemicals were analytical 
grade reagents. 


Preparation and Labeling of Liposomes 


Liposomes labeled with fatty acid spin probes were prepared by mixing egg PC 
dissolved in chloroform-methanol (2:1, vol/vol) sterol in chloroform-methanol (1:3, 
vol/vol) and the spin label (< 1 mol%). Solvent was removed under nitrogen and 
then under vacuum for at least 2 hr. Water was added to hydrate the lipids and multi- 
lamellar dispersions (liposomes) were obtained by vigorous agitation (15-20 min). 
For obtaining liposomes labeled with TEMPO, the dried mixtures of egg PC and 
sterols were dispersed in a 5 x 10? M solution of TEMPO. 


Electron Spin Resonance Measurements 


The samples were sealed in glass capillaries and supported vertically in a narrow 
tube. The temperature was controlled by placing the tube in a glass/quartz Dewar 
flask through which a stream of preheated №, gas was passed. An АКТ-6 ESR spec- 
trometer (manufactured by the Institute of Physics and Nuclear Engineering, Bucha- 
rest-Magurele, Romania) equipped with a variable temperature-control apparatus 
was used for all measurements. The sample temperature was monitored by a digital 
read-out device connected to a copper constantan thermocouple placed immediately 
below the sample. Where it is not stated otherwise, the temperature was maintained 
at 209С. Instrumental parameters were optimized to avoid artifactual broadening. 

Data presented here are means of two to four samples run under each condition. 
Order-parameter values (S), which are a measure of the distribution of molecular 
orientations relative to an axial plane perpendicular to the bilayer and usually corre- 
lated with the degree of membrane fluidity,*! were calculated from the distances be- 
tween the outer (27"||) and inner (27" |) hyperfine spectral splittings (FIGURE 3), ас- 
cording to the method of Hubbell and McConnell,” with correction of the T, value 
by the method of Gaffney.*? When the outer peaks were not well resolved (for exam- 
ple with the 12-doxyl spin label), we calculated the order parameter using the for- 
mula**4^: 


2. 8:3 G- 3 TH 
Т 46.1 
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RESULTS 


The small spin-label molecule TEMPO partitions between aqueous and hydro- 
phobic regions in model membranes much as it does between hexane and water.* 
FiGURE 1 illustrates the spectrum of TEMPO in egg PC liposomes. Each such spec- 
trum is a superposition of two spectra: one is the result of TEMPO dissolved in the 
fluid, hydrophobic region of the lipid and the other is the result of TEMPO in the 
aqueous phase. The high-field hyperfine line is split, the inner signal (with amplitude 
H) arising from TEMPO tumbling rapidly in the fluid lipid environment and the 
outer signal (with amplitude P) arising from TEMPO in water.* The TEMPO spec- 
tral parameter f, equal to H/(H + P), which is correlated with the fraction of Spin la- 
bel dissolved in the membrane bilayer, thus gives an estimate of the solubility of the 
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FIGURE 1. A typical ESR spectrum of TEMPO in egg PC liposomes and the variation in 
ihe spectral parameter (f) as a function of sterol concentration. 
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spin label in the membrane. Since the solubility of TEMPO in membranes depends 
on the fluidity of the lipid bilayer, the spectral parameter f provides an estimate of 
membrane fluidity. 

The relationship between this spectral parameter and the concentration of cho- 
lesterol and 25-hydroxycholesterol іп egg PC liposomes is shown in Ficure 1. With 
increasing concentrations of cholesterol, a gradual decrease in the TEMPO parame- 
ter occurs. By contrast, 25-hydroxycholesterol produces a sharp decrease in f at very 
low concentrations (up to 1%), while above 2% no further decrease in the TEMPO 
parameter was observed. This shows (1) that cholesterol decreases the motional free- 
dom of fatty acyl chains in egg PC liposomes in a concentration-dependent manner, 
a result in agreement with that obtained by other могКегѕ27°°; (2) that very small 
concentrations of 25-hydroxycholesterol may decrease significantly the fluidity of 
lipid bilayer, even more than the corresponding concentrations of cholesterol; and 
(3) that above 1 mol%, increasing concentrations of 25-hydroxycholesterol do not 
decrease membrane fluidity as measured by TEMPO partitioning. 

Spin-labeled fatty acids are able to give more precise information on the lipid 
environment at known depths in the bilayer. Figure 2 shows typical spectra of 
5-doxylstearic acid in liposomes containing cholesterol and 25-hydroxycholesterol, 
respectively. It is apparent that cholesterol at 50 mol% influences the spectrum con- 
siderably more than at 1 mol%. By contrast, the spectrum of 5-doxylstearic acid in 
liposomes containing 50 mol% 25-hydroxycholesterol is similar to the one containing 
2 то1% sterol. It is also apparent that 25-hydroxycholesterol has a smaller influence 
on the spectra of 5-doxylstearic acid than cholesterol. 

The motional freedom of fatty acyl chains in lipid bilayers is very sensitive to 
temperature changes and offers another experimental approach to probe lipid-lipid 
interactions in membranes. The interrelationship between temperature, sterol con- 
centration, and the order parameter of both 5-doxyl and 12-doxylstearic acids was 
examined (FIGURES 3 and 4). Increasing the temperature decreased the order parame- 
ter with both spin-labeled fatty acids. The addition of sterols increased the order pa- 
rameter. Similar to the results with TEMPO, differences in the effects of cholesterol 
and 25-hydroxycholesterol were observed. With cholesterol, a continuous increase in 
the order parameter occurred up to a concentration of 50 mol%. However, the rate 
of increase in order parameter was greater between 0 and 30 mol% than between 30 
and 50 mol%. With 25-hydroxycholesterol and 5-doxylstearic acid as a probe, an in- 
crease in the order parameter occurred only in the concentration range of 0.1 to 5 
mol% at all temperatures. Only a slight increase in the order parameter was detected 
at concentrations of 25-hydroxycholesterol greater than 5 mol% at 20°C and 37°C, 
and no increase at all at 10°C. 

With 12-doxylstearic acid as a probe, an ordering effect of 25-hydroxycholes- 
terol was observed at concentrations up to 1 mol%. Above this concentration, no 
further increase in order was observed. Similar effects were observed at all tempera- 
tures. 

Тһе greatest difference between cholesterol and 25-hydroxycholesterol was ob- 
served with 16-doxylstearic acid. Whereas increasing concentrations of cholesterol 
markedly altered spectra (FIGURE 5), increasing concentrations of 25-hydroxycholes- 
terol produced no significant changes. These changes in the ESR spectra of 16-doxyl- 
stearic acid induced by the two sterols have been expressed in terms of the maximum 
hyperfine splitting, 2 7"|| (С) in Еюове 6. Cholesterol produced a concentration- 
dependent increase in 2 7"||. The rate of change in this spectral parameter was much 
lower between 30 and 50 mol, similar to the effects observed with 5-doxylstearic 
and 12-doxylstearic acids. At 10°C, 25-hydroxycholesterol had no effect. A slight ef- 
fect was observed at 20°C with concentrations up to 2 mol%. 
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FIGURE 2. ESR spectra of 5-doxylstearic acid in egg PC liposomes containing varying con- 
centrations of cholesterol and 25-hydroxycholesterol. 


DISCUSSION 


A pertinent question related to these and other spin-label studies on membranes 
is the reliability of the technique in providing information concerning the motional 
state of membrane lipids. Taylor and Smith”? recently suggested that order parame- 
ters measured using doxyl spin-label probes do not faithfully represent the effects of 
external agents. These authors suggested that doxyl spin labels themselves produce 
large perturbations in membranes and give inaccurate responses to the addition of 
cholesterol. Their claims are based on measurements of the quadrupole splitting of 
deuterated stearic acid with and without an added 5-doxyl group in egg PC. Тһе at- 
tachment of the doxyl group directly to the fatty acid between two deuterated carbon 
atoms reversed the usual ordering effect of cholesterol. However, they also reported 
that cholesterol increases ESR order parameters when the doxyl probe is used alone, 
in agreement with NMR measurements when only the deuterium probe is used. It is 
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FIGURE 3. Change in order parameter (AS) of 5-doxylstearic acid-labeled liposomes as а 
function of sterol concentration at 10°C, 20°C, and 37°C, 


reasonable to interpret their results as showing that the dual-labeled probe rather 
than the doxyl group perturbs the membrane. 

Data obtained with any extrinsic probe must be viewed with caution since it is 
the property of the probe that is being directly measured and not that of the mem- 
brane lipids. While different estimates may be obtained quantitatively of the order 
parameter, S, when comparing ESR and NMR techniques, and while it is reasonable 
to propose the difference is caused by spin-label probe perturbations, qualitatively, 
the same trends are usually observed.” The available evidence does suggest that 
doxyl spin labels are sensitive and informative monitors of membrane organization 
and its modulation by external agents. Comparative studies, such as those reported 
here with cholesterol and 25-hydroxycholesterol, should be free of considerations of 
perturbations caused by the probe, as they should be similar in each instance if they 
occur. 

An examination of the effect of small concentrations of cholesterol (0.1-5 
mol%) on the motional freedom of egg yolk PC fatty acyl chains indicates that even 
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FIGURE 4. Change in order parameter (AS) of 12-doxylstearic acid-labeled liposomes as 
a function of sterol concentration at 10°C, 20°C, and 37°C. 


at these concentrations cholesterol significantly affects the molecular order of mem- 
branes. This effect was observed to some extent with all spin-label probes and at all 
temperatures. The most pronounced effects were observed with 5-doxyl and 12-dox- 
ylstearic acids and only marginal effects with 16-doxylstearic acid at 20°C. These 
three spin-labeled fatty acids probe different planes within the lipid bilayer. The 
carboxyl head of the spin labels is positioned near the water interface and the hydro- 
carbon tail is generally parallel to the phospholipid hydrocarbon chains. In choles- 
terol-containing PC liposomes, 5-doxylstearic acid has its nitroxide moiety in close 
proximity to the phospholipid polar groups and close to the middle of the steroid nu- 
cleus of cholesterol.” The nitroxide group in 12-doxylstearic acid is located just be- 
low the steroid nucleus, whereas in 16-doxylstearic acid it lies deeper within the hy- 
drocarbon interior of the membrane at a level just below the last methyl group of the 
isoprenoid tail.?* Therefore, these results with low concentrations of cholesterol indi- 
cate that the sterol ring structure exerts the predominant effects in interactions with 
fatty acyl chains. Some studies have indicated that the permeability of membranes to 
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water initially increases with concentrations of cholesterol to 10 mol%, but de- 
creased with concentrations of cholesterol above 10 mol%.** These two divergent ef- 
fects of low and high cholesterol concentrations are consistent with apparent changes 
in bilayer thickness that have been observed by x-ray diffraction in gel phase, dipal- 
mitoylphosphatidylcholine-cholesterol mixtures where maximum thickness occurred 
at 7.5 mol% cholesterol,? and where presumably the tilt of the fatty acyl chains is 
straightened. Thus, measurements on water permeability, bilayer thickness, and the 
spectra of spin-label probes indicate that at low concentrations cholesterol has a sig- 
nificant effect on the properties of membrane phospholipids that differs from its ef- 
fect at high concentrations. 

The reasons for the effects of low concentrations of cholesterol may be related 
to the proposed packing, based on molecular models, of one cholesterol molecule 
with seven phospholipids.*? Thus, if cholesterol-cholesterol interactions and acyl 
chain sharing do not occur at low cholesterol concentrations, at 14 molo cholesterol 
complete association of all phospholipid molecules with a sterol would result. The 
pronounced effects occurring between 0 and 5 mol% cholesterol suggest that either 
more than one shell of phospholipid molecules are influenced by cholesterol or that 
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FIGURE 6. Change in the spectral parameter (2T) of 16-doxylstearic acid-labeled liposomes as 
a function of sterol concentration at 10°C and 20°C. 


there is a preferential association of cholesterol with a particular species of PC in the 
egg yolk mixture. This response to concentrations of sterol up to 14 mol% may in- 
volve primarily the steroid nucleus. In studies where the length or bulk of the side 
chain has been modified, an ordering effect is observed up to 15 mol%.3*5° At con- 
centrations above this, either a change in the increase in order relative to that of cho- 
lesterol was observed, or in the case of ergosterol,” an actual decrease was observed. 
Another reason to consider is the effect of cholesterol at the bilayer surface. Neutron 
diffraction studies suggest that cholesterol does not directly interact with the phos- 
phorylcholine headgroup.* The cholesterol hydroxyl group appears to be positioned 
near to the glycerol-fatty acyl ester linkages of the phospholipid. At low concentra- 
tions of cholesterol, phosphorylcholine dipole motion decreases, reaching a mini- 
mum between 20 and 30 mol%.*? Motion increases above 30 mol%. That some 
change occurs in the relative orientation of charged moieties on the headgroup is evi- 
dent from the cation selectivity of PC bilayer films at cholesterol concentrations up 
to 10 mol%, whereas anion selectivity appears in the 20-50 mol% range.?? 

The parameters derived from the use of TEMPO and the spin-labeled fatty acids 
as probes indicate that, as the cholesterol concentration is increased from 10 to 50 
mol9/^, there is an increase in the molecular order of the phospholipid acyl chains. 
This occurred whether the parameter measured was the partitioning of TEMPO into 
the membrane, the order parameter with 5-doxyl апа 12-doxylstearic acids, or the 
maximum hyperfine splitting with 16-doxylstearic acid. As expected, for a given lipid 
composition, а decrease in temperature also resulted in an increase in the ordering of 
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membrane lipids (results not shown). Despite the increased ordering of acyl chains 
associated with a temperature decrease, cholesterol still exerted a substantial effect at 
all temperatures. 

The increase in molecular order associated with increasing cholesterol is respon- 
sible for the condensing effect of cholesterol. Various models have been proposed to 
explain this condensing effect. Rothman and Engelman™ attributed it to steric hin- 
drance of the phospholipid hydrocarbon chain. A close approach by the sterol nu- 
cleus to the hydrocarbon chain restricts the number of conformations accessible to 
the upper portion of the chain. This results in reduced conformational freedom of 
the phospholipid chains, giving rise to an increase in order. Spin label?*5955 and 
other studies? have shown that specific structural requirements for cholesterol and its 
analogues are necessary before significant changes in the degree of order are ob- 
served. The sterol requirements are a planar steroid nucleus, a 3fi-hydroxyl group, 
and a hydrocarbon chain at C-17 of precise length and saturation. This side chain is 
required to induce appreciable order in the bilayer.?*5955 Specifically, cholesterol 
analogues with side chains containing three or fewer carbons cause significantly less 
ordering.5? NMR studies have indicated the side chain in cholesterol is highly flexi- 
ble.55 This may not be true of the entire side chain as it has been suggested that the 
methyl groups at C-13 and C-20 render that portion of the side chain inflexible.*? 
Тһе function of the cholesterol side-chain may possibly be to restrict the overall mo- 
tion of the steroid nucleus, enhancing its ability to order the bilayer.?é 

It is also of significance that low concentrations of 25-hydroxycholesterol gener- 
ally behaved similarly to cholesterol. Some differences were apparent at 5 mol%, in 
particular with 12-doxylstearic acid at 37?C. Concentrations of oxidized sterols in 
this range are obtained in erythrocyte membranes following the incubation of eryth- 
rocytes with 10 ug sterol/ml.?? This insertion of oxidized sterols in the membrane is 
accompanied by morphological changes? and a diminished osmotic fragility.5? It is 
clear from the spin-label studies in this report that perturbations in membrane struc- 
ture related to the insertion of oxidized sterols at these levels cannot be detected us- 
ing this technique, if indeed they do occur. At concentrations above 5 molo, it is 
evident that 25-hydroxycholesterol differs markedly from cholesterol in not having 
the ability to increase molecular order with increasing concentrations. Thus, it ap- 
pears that the hydroxyl group in the 25-position limits the interactions of the steroid 
nucleus with phospholipid acyl chains. This is further evidence for the importance of 
the precise structural requirements for the isoprenoid side chain in the effect of ste- 
rols on membranes. These results are in agreement with another report?^ that the 
presence of a polar group in the region of the hydrocarbon tail renders the steroid to- 
tally ineffective in increasing molecular order in membranes as demonstrated with 
pregnanalone, 5-pregnen-3f-ol-20-one, testosterone, cholic acid, and cortisone. 

It is apparent from these results that cholesterol and 25-hydroxycholesterol ex- 
ert different effects on membranes. Whether these differences can, in part, be re- 
sponsible for the observed effects of oxidized sterols on the metabolism and perme- 
ability of cultured cells, the necrosis of aortic smooth muscle cells, and the develop- 
ment of atherosclerotic plaques remains to be clarified by further research. 
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THE SPIN-LABEL APPROACH TO LABELING MEMBRANE 
PROTEIN SULFHYDRYL GROUPS* 


Lawrence J. Berliner 


Departinent of Chemistry 
Ohio State University 
Columbus, Ohio 43210 


The membrane of most eukaryotic cells comprises lipid, cholesterol, and protein 
molecules. The precise three-dimensional arrangement of the components of a cell 
membrane imparts its unique functions via several specific molecular interactions. 
The fluid-mosaic model of Singer and Nicholson gives us a picture of two asymmet- 
ric lipid lamellae into which proteins are intercalated to varying extents.' The lipid 
phase of the membrane is also arranged asymmetrically in the familiar bilayer struc- 
ture. Basically, the two different types of proteins are classified by Singer and 
Nicholson,! integral and peripheral, depending on their ease of isolation from the 
membrane. Peripheral proteins are generally at the bilayer surface, held (loosely) by 
electrostatic interactions; integral proteins penetrate the lipid phase of the membrane 
to varying degrees and frequently traverse the entire bilayer. 

A particularly well-studied membrane system, the erythrocyte, exemplifies sev- 
eral of the aspects of membrane structure discussed above. Its phospholipids are 
asymmetrically distributed. The principal peripheral cytoplasmic proteins have been 
characterized (spectrin, actin, band 4.1,G-3-PDH, etc.).? The chief integral proteins 
are band 3 and glycophorin.? There has been great interest and activity in past years 
in spin-labeling membrane proteins, particularly those of the red blood cell, in order 
to learn more about the relationships between protein and lipid structure, membrane 
function, disease, aging, etc. (for a recent review see, for example, Butterfield*). The 
spin-label technique has been instrumental in providing molecular information 
about the conformation of proteins, structure and function of membranes, nucleic 
acids, and other biological systems (for a complete background, see Berliner**). The 
usefulness of the nitroxide electron spin resonance (ESR) spin labels 1s in part their 
extreme sensitivity, their efficacy with opaque as well as optically clear samples, the 
molecular information about the local environment near the spin label, the chemical 
stability of nitroxides, and the relative simplicity of labeling and measurement. It is 
this last aspect, the relative ease and simplicity that occasionally obscures the validity 
of an experiment that employs a poorly chosen spin label. While the approach of us- 
ing lipid-type spin labels to probe the phospholipid environment has been one 
method of attack in membranes studies, the other involves covalently labeling (spe- 
cific) membrane proteins with nitroxide protein-modification agents, particularly 
those directed towards cysteine-thiol groups. This report reviews the specificity and 
efficacy of these labels, their advantages and pitfalls, and introduces a new spin label 
that shows great promise for future membrane and enzymological studies using this 
method. 


* Supported by grants from The National Science Foundation (PCM77-24658) and the 
National Institutes of Health (HL 24549). 
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FIGURE 1. Structure of some sulfhydryl spin labels. 


SPIN-LABEL THIOL MODIFICATION REAGENTS 


The desirable properties of an excellent sulfhydryl spin label for membrane pro- 
teins are: (1) react rapidly and with absolute specificity; (2) contain the least number 
of flexible single bonds of rotation between the sulfhydryl group and the nitroxide 
ring in order to reflect most sensitively the conformation at the thiol group site; and 
(3) be susceptible to no other side reactions or decomposition. 

FIGURE | depicts the structures of the types of (covalent) spin-label “sulfhydryl 
reagents” that have been used most frequently in the past. We first review their gen- 
eral specificity, examine one or two specific applications, and summarize their gen- 
eral promise as membrane-protein-directed reagents. Structure I, an iodoacetamide 
(piperidine) spin label, has been used fairly extensively with enzymes to label specific 
sulfhydryl groups (see, for example, the chapter of Morrisett in Berliner.* This label 
is also found as a pyrrolidine iodoacetamide, from the corresponding amine pyrroli- 
dine precursor, but suffers slightly from the fact that the pyrrolidine nitroxides are a 
racemic mixture of two stereoisomers. These labels are, of course, analogues of halo- 
acetates, (e.g., iodoacetate), which undergo the same general type(s) of reactions. 
Scheme I summarizes the type(s) of modifications expected between one of these la- 
bels and a protein, where (B signifies the protein macromolecule: 


HALOACETATES 


(р + 1сн,соо” +=. (>)}—5—снусоо- Sd (1) 
JTN _ pH>5.5 N——CH E 

esi + ІСН;СОО” —— 2 соо (2) 
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a= CH,COO™ 
ON тлон соо ES (во ar (3) 
CH 


3 CH, 


с = H Е 
(рн, тсн COO =, (>)—хн—сн,соо- +17+ Ht (4) 


While haloacetates are usually most reactive with thiol groups (reaction 1), under 
conditions of a many fold excess of reagent and long reaction times, at least one (or 
two) of the other types of moieties shown in Scheme I will have been partially modi- 
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fied, leading to a mixture of labeled groups and а nonintegral stoichiometry of label- 
ing. With regard to spin-label experiments, a multicomponent ESR spectrum is fre- 
quently obtained, denoting several conformational environments. The promise for 
this reagent as a thiol reagent is obviously questionable when relatively harsh condi- 
tions (50-100-fold excess, several hours of labeling) are employed. Under very harsh 
conditions, even phenolic side chains of tyrosine have been found to react with halo- 
acetates.’ For these reasons this label type (I) has not been utilized very often in more 
recent years and less frequently in membrane-protein-labeling work, in contrast to 
the maleimide piperidine nitroxides. 

Structure II, the maleimide piperidine nitroxide, is perhaps the most ubiquitous 
covalent spin label for protein-labeling work. It is fair to estimate that over 75% of 
all spin-labeling papers utilizing covalent labels have employed either that maleimide 
label II in FiGURE 1 or its pyrrolidinyl analogue(s). Scheme II below summarizes the 
most common reactions of maleimide groups with proteins: 


MALEIMIDES 
О 


H O 
H>5 H 
Qu +| Хен, тт NCH, (1) 
( р —S 
О H О 


О н О 
РН>7 H 
NH, + | NC.H, ——> NC.H, (2) 
( р )—NH 
O но 


Since mercaptide ion is the most reactive species, there is marked enhancement with 
increasing pH. At pH 7 thiol reactivity can be about 1,000-fold greater than that with 
amino groups; however, at higher pH the reaction with lysine, histidine, proline, and 
other amines becomes more pronounced.? Again here, where the reagent is in many 
fold excess for long reaction times, the probability of partial amino group labeling is 
significant. 

FiGURE 2 depicts a typical ESR spectrum of the piperidine maleimide spin label 
П attached to membrane proteins of the erythrocyte. The two general classes of spec- 
tral components, S and W, denote strongly and weakly immobilized nitroxide groups 
in two general classes of conformational environments. The narrow higher peak 
height component, W, which is actually a much smaller component of the total spin- 
label population (on a molar basis), is nonetheless altered very easily by small 
changes in the amount of label at W-type sites, since the peak height changes in di- 
rect proportion to the concentration of label in that particular conformational state. 
As is exemplified in Butterfield* as well as other studies of maleimide-labeled cells 
and membranes, the ratio of the W to S component is frequently the only parameter 
that may be used to correlate membrane state and function. Not only is there the 
general ambiguity in such complex systems about the specific proteins labeled, but 
also whether (highly mobile, surface exposed) lysine amino groups are modified as 
well. Typically, a high molar ratio of this label to protein is employed for periods of 
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FicunE 2. Typical ESR spectrum of the piperidine maleimide spin label (П) attached to 
membrane proteins in normal erythrocyte membranes. The amplitudes of the Mj = +1 lines 
of the spin label covalently bound to strongly and weakly immobilized binding sites are indicated 
by S and W, respectively. Fresh erythrocyte ghosts were labeled overnight at 4°C by spin label 
II. After five washes to remove excess spin label the spectra of the spin-labeled ghosts were 
recorded at room temperature with a sweep width of 100 G and modulation amplitude and micro- 
wave power incident on the resonant cavity of 0.32 G and 14 mW, respectively, using a Varian 
E-109 spectrometer. (From Butterfield.* With permission from Plenum Publishing Corp.). 
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Figure 3. Maleimide and isomaleimide syntheses. (From Berliner.’ With permission from 
Academic Press, Inc.). 
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several hours to days.* Another problem with maleimides, which has been largely 
overcome in recent years, involves the synthetic scheme for their preparation. Fic- 
URE 3 depicts the two possible products obtained in the “ring closing” step in malei- 
mide synthesis—the desired maleimide and the isomaleimide. Upon reaction with a 
protein thiol, each yields a unique product, each of which would not be expected to 
give the same mobility in an ESR spectrum, by virtue of the differences in the flexible 
“links” between the nitroxide ring and the thiol group.® If one uses some саге by 
thoroughly checking the purity of the maleimide spin label by thin layer chromatog- 
raphy and other methods, assurance of the maleimide II only is satisfied. While it 
was mentioned above that label II is the most popular protein spin label in use, its 
promise as a good thiol reagent must be presented with some reservations; most sig- 
nificantly, the broader specificity to protein side chains. 

While the two classes of labels described above are irreversible modification re- 
agents, it is frequently desirable to be able to reactivate a modified protein for fur- 
ther (control) studies. Structure III falls into the general class of mercurials, which 
react specifically and rapidly with sulfhydryl groups of proteins. While this type of 
label meets most of the requirements of a good thiol spin label dictated earlier, it suf- 
fers from an unsolved photodecomposition problem upon short exposures to normal 
room lighting as well as the relatively long distance between the nitroxide and thiol 
group.’ 


A NEw OPTIMAL, REVERSIBLE THIOL-SPECIFIC SPIN LABEL 


H3 (29027 кы l 


TZ 


Ргойеіп-5- 9. 
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The label IV (1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)methanethiolsul fo- 
nate, whose synthesis is shown in FIGURE 4, is based on the elegant work of Kenyon’ 
with alkane-thiosulfonates as reversible thiol reagents of selected bulkiness and hy- 
drophobicity. As a model for a thiol-containing protein that can be specifically la- 
beled and monitored by several techniques, we chose the enzyme Papaya latex pa- 
pain, which contains a single active cysteine in the reduced form as the catalytic 
group of the active enzyme. If this SH group is modified, the enzyme loses all activ- 
ity. The enzyme was inhibited rapidly and specifically with label IV within five min- 
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FIGURE 4. Synthesis of the new reversible thiol spin label IV. 
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FIGURE 5. X-Band ESR spectra of active site spin-labeled papain. (А) Reaction mixture 
(pH 4.5) after 5 min of labeling where [papain] = 0.19 mM active sites and [label IV] = 0.1 
mM. Buffer was 0.05 M acetate. The exceedingly small narrow line spectra (arrows) represents 
unreacted spin label, which accounts for ca. + 0.5% of the total ESR signal.t (B) After reac- 
tion with excess spin label IV and elution from Sephadex G-10 at pH 7.5 (0.2 mM Tris-HCl, 


0.025 mM EDTA). Papain (active site) concentration was 0.16 mM. (From Berliner et al. With 
permission from Analytical Biochemistry.) 
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FIGURE 6. Spin-label release reaction monitored by ESR. Change of peak height of low-, 
center-, or high-field line of the growing “free” spin-label spectrum (see inset) with time. Conditions 
were: papain (0.098 mM active sites), DTT (1.7 mM), pH 7.5 (elution buffer), 26 + 2°C. (From 
Berliner et al. With permission from Analytical Biochemistry.) 


utes as evidenced by a complete loss of esterase activity where label was in a slight 
excess. In Figure 5 the ESR spectra were obtained either directly from a reaction 
mixture where [papain] > [spin label] (ЕюовЕ 5A)f or from a labeled protein puri- 
fied on Sephadex G-10 (Етвове 5B). (The spectra were identical whether measured at 
pH 4.5 or 7.5.) The high- and low-field hyperfine extrema were separated by 46.5 + 
1.0 G (intermediate immobilization), which is a very sensitive range to protein con- 
formational changes. The specificity of this label was confirmed by reducing the 
disulfide linkage (V, Ficure 4) between the active Cys 25 and the 3-methylpyrroline 
nitroxide with 1.0 to 10 mM dithiothreitol (DTT) as followed by the return of en- 
zymatic activity or the increase in concentration of free spin label. The esterase activ- 
ity was followed in the pH stat. Upon exposure of 0.16 mM spin-labeled enzyme to 
1.7 mM DTT, the broad immobilized spectrum (e.g., Figure 5B) converted com- 


t The very small residual free line component in the top spectrum (arrows) from a reaction 
using excess enzyme represents ca. 0.5% of the total spin label in the sample and testifies to 
both the purity and exceptional reactivity of this label. 
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TABLE 1 


SUMMARY OF LABELING AND RELEASE (REACTIVATION) REACTION* 


Initial DTNB Initial Released Final | 
Active Sites Activityt Spin Label Activity! Active Sites/ Spin Label/ 


Protein (mM) (mM) (U/mg) (mM) (U/mg) Protein (Vo) Protein (9) 
Control papain 

(0.60) 0.19 35) se (LS - cae ше ФЗ ШИ ав 9 - 
Spin-labeled 

papain (0.098) 0.031 0 0.0348 %9-05 32-3 35 зь 5 


ж Adapted from Berliner et al.” 

· Measured in the absence of cysteine, DTT, or other reducing agents. 

1 Measured within two minutes after exposure to DTT (10 mM) or cysteine. 

$ Measured in 1.7 mM DTT (PH 7.5) by ESR from the maximum peak height (ca. 10 minutes 
after mixing). 


pletely to a narrow three-line “free” spectrum (FIGURE 6, inset). The released-label 
concentration corresponded directly to the enzyme active site (thiol) concentration. 
TABLE | depicts, for example, a typical experiment with a papain sample that con- 
tained 32 + 3% active (thiol) sites by dithiobisnitrobenzoic acid (DTNB) and 35 + 
5% spin label IV incorporation after labeling. If the free spectrum were monitored 
for longer periods, a slow decrease in peak height was observed, due to the well-doc- 
umented destruction of the nitroxide group by thiols such as DTT.t This new spin 
label IV is a highly reactive thiol-specific reagent with a minimum number of flexible 
linkages between the nitroxide ring and cysteine side chain. Equally important is the 
facile reversibility in the presence of relatively mild reducing agents, a distinct advan- 
tage where the protein or membrane under study is available in only very limited 
quantities. Since the liberated "free nitroxide" yields a sharp three-line ESR spec- 
trum, the release reaction serves as a mechanism for assaying reactive thiol groups on 
a protein or membrane. It is estimated that the sensitivity of this method approaches 
concentrations in the 107° to 10: M range, depending on the signal-to-noise charac- 
teristics of the user's particular ESR spectrometer. 


SUMMARY 


Labeling experiments with viable membrane preparations are optimally under- 
taken where conditions are extremely mild (minimal excess of modification reagent, 
very short reaction times) in order to reduce the possibilities of introducing artifacts 
(cell aging and death, denaturation, etc.). Furthermore, specificity of labeling is a 
critical requirement where the system is complex and contains many proteins. The 
spin label IV described above offers several advantages over previously employed re- 
agents. By virtue of its reversibility and ease of quantitation, one may repetitively la- 
bel and remove label from the same membrane preparation in order to check repro- 
ducibility while using the same sample as a control. 


1We recommend carrying out the “release reaction" at DTT concentrations less than 2 mM 
for an accurate estimate of released spin-label concentration where the thiol nitroxide side reac- 
tion is slow by comparison (see chapter by B. G. Gaffney in Berliner). 
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Some of the earlier сноп paramagnetic resonance (EPR) studies of proteins 
labeled with N-(1-oxyl-2,2,6,6-tetramethyl-4-piperidinyl)maleimide (Mal-6) in intact 


erythrocyte membranes were mainly qualitative in nature and showed similar, but 
not identical results.5?/ However, they demonstrated the potential of the EPR 
method in providing dynamic information for proteins in red cell membranes. Our 
biochemical understanding of the erythrocyte membrane components was also lim- 
ited at that time. Following the electrophoretic identification of several distinct pro- 
teins in the membranes,’ the basic knowledge of the chemical composition, molecu- 


lar arrangement, and functional properties of e e membranes has flourished 
in recent уеагв.2%29 Meanwhile адуын қан лалы 
ing molecules with slow motions.” We have compared two of the saturation transfer 
(ST) EPR techniques (V; and U;) with the conventional EPR method (V,) in moni- 
toring molecules in erythrocyte membranes and have shown that V; detection is use- 
ful for these systems.* Thus, with the recent enhancements in bo d cell mem- 
brane biochemistry and EPR techniques, тұғыш нн шаа ыы некті 


іп erythrocytes can now be studied more quantitatively. 


Biochemical Properties of the Spin Labels in Membranes 


Mal-6 appears to alkylate mainly the sulfhydryl (SH) groups.*-?” A very small 
amount of amino groups may also be labeled.?75 Our recent results show that the 
EPR signal of membranes depends strongly on the labeling method.'? In order to 
compare results from different studies, spin-labeling methods should be specified. In 
our studies, Mal-6 is interacted with washed membrane ghosts at a weight ratio of 
about 30-50 ug per mg protein for one hour at pH 8, 4°C, in the dark. EPR double 
integrations of the V, spectra show that about 26.0 + 2.9 nmoles of label are bound 
to one mg of protein.'^ Further calculation shows that there are about 8.3 + 0.7 x 
10° labels per ghost. This is in good agreement with the earlier studies." Assuming 
that the total SH content in membrane is about 130 nmoles per mg protein, about 
20% of the membrane SH groups are alkylated. 

Spin-labeled right-side-out vesicles were prepared with and without ascorbic 
acid inside or outside the vesicle. Since ascorbic acid reduces the spin label, those la- 
bels that are in contact with ascorbic acid will become EPR silent. Results of double 
integration of signals show that about 80 + 5% of the labels are on the cytoplasmic 
surface of the erythrocyte membrane and about 10 + 2% on the extracellular sur- 
face.'* About 10% of the signal is unaccounted for in these studies. Recently, we 


* Supported in part by grants from Michigan Heart Association, Huntington Disease 
Foundation, and the National Institutes of Health (HL-22432 and HL-16008). L.W.-M.F. isa 
National Institutes of Health Research Career Development Awardee (KO4 HL-00860). 
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have isolated proteins from labeled, intact membranes by various extraction meth- 
ods; preliminary results show about 20 labels per spectrin-actin complex, 1 label per 
Band III, and 10 labels on other proteins (L. Fung and W. Meena, unpublished re- 
sults). In order to obtain these results, the values of number of copies of individual 
proteins in membranes provided by Steck?’ are used. Furthermore, our calculations 
show that, in the intact membrane, a large amount of the labels (over 50%) is associ- 
ated with the spectrin-actin complex. This result is in accord with the results of an 
earlier radioactive N-ethyl maleimide labeling study.* 


EPR Spectral Properties of Conventional EPR (V,) Detection 
and Their Applications: W/S Ratios 


The V, spectrum of the Mal-6-labeled membranes consists of two components, 
a narrow-line and a broad-line component.5?' Many workers have used the ampli- 
tude ratio, W/S (FIGURE 1), to analyze their вресіга.3:916.19-21.25.4 Most of the W/S 
ratios in these studies are qualitatively similar, but not quantitatively the same. Re- 
cent studies show that the W/S value is very sensitive to the physical state of the 
membrane. For example, experimental parameters, such as temperature, pH, ionic 
strength, etc., will cause large changes in the W/S value.? We have used a simple 
two-state model that assumes that the motion of the labeled proteins in membranes 
can be represented by a strongly (S) and a weakly (W) immobilized state to analyze 
the V, spectra. The S-state gives the broad-line signal and the W-state gives the nar- 
row-line signal (each characterized by its peak-to-peak line width). At 20°C, mem- 
branes in 5 mM phosphate buffer at pH 8 exhibit a spectrum that consists of about 
10% W and 90% S state. A 1% change in the states (to 9% W and 91% S, or 11% W 
and 89% S) will give an 11% change in the W/S value. A 5% change in the states 
produces a change in the W/S value of more than 50%. Therefore, even though the 
W component is only a minor portion of the total signal, the W/S is very sensitive to 
the intensity change in the W component. Small alterations in the physical state of 
the membrane, for example, caused by changes in temperature or pH of the sample, 
will cause only minor changes in the motion of the membrane proteins. However, 
these minor changes in protein mobility correspond to a significant change in W/S 
value. These studies also indicate that, if one wants to compare the W/S ratios of 
different samples, the sample conditions as well as EPR measurement parameters, 
such as temperature, must be very carefully controlled. 

It should be pointed out that this simple two-state model may include a more de- 
tailed description of membrane dynamics where the S-state or the W-state consists of 
more than one state, as long as the substates in the S- or W-state give strongly or 
weakly immobilized EPR signals, respectively. Recently, Rifkind and co-workers ob- 
served an increase in EPR signal intensity upon increase in temperature and sug- 
gested that there exists a state that is EPR silent at low temperature because of di- 
polar interaction but becomes EPR active at higher temperatures.?* They suggested 
that a model of at least three states is more appropriate. We disagree with this inter- 
pretation. We have obtained EPR spectra of Mal-6 alkylated to membrane as well as 
Mal-6 in phosphate-buffered saline (PBS) solution as a function of temperature. 
Double integration of these EPR signals shows increase in intensity in both samples 
(FIGURE 2). It is generally known that the sensitivity of the EPR cavity is a function 
of temperature and spin-concentration calibration should be obtained at each tem- 
perature. An intensity increase does not necessarily represent an increase in spin con- 
centration. Thus, we believe that the simple two-state model appears to be appropri- 
ate for the analysis of the V, spectra. 


164 Annals New York Academy of Sciences 


FIGURE 1. Typical conventional V; EPR spectrum of Mal-6-labeled erythrocyte membranes 
in 5 mM phosphate buffer at pH 7.4 and 20°C. 


We have monitored the W/S values of membranes from patients with hereditary 
spherocytosis (HS) and Huntington's disease (HD). In the HS studies, the W/S ratios 
of normal and HS samples differed only slightly at 20°C and 40°C. However, in- 
creasing the temperature to 47°C and incubating for long time periods markedly ac- 
centuated the difference in W/S values. It is suggested that the apparent differ- 
ences in heat sensitivity between normal and HS membrane proteins reflect a latent 
structural alteration(s) of hereditary spherocytosis. In the HD studies, we did not ob- 
serve differences in the W/S ratios between normal and HD erythrocyte mem- 
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Ficure 2. Integrated V, EPR signal intensities of Mal-6 alkylated to membrane proteins 
(Mb) (+) and in phosphate-buffered saline (PBS) (A) solution as a function of temperature. 
The temperature slopes of the two lines are statistically identical. The vertical offset between 
curves is arbitrary. 


branes,” in disagreement with one of the earlier studies,? but in agreement with an- 
other study. ° 

In addition to the studies of erythrocyte membranes of normal and diseased in- 
dividuals, we have also used the W/S values to study the hemoglobin-membrane in- 
teraction. When hemoglobin molecules interact with the cytoplasmic surface of the 
membrane, the motions of some of the membrane proteins are restricted, resulting in 
a conversion of the W-state to the S-state and thus a decrease in the W/S ratio. Due 
to the sensitivity of the W/S ratio, even a weak interaction can be monitored by this 
method. Our earlier work showed that the interaction between membrane and hemo- 
globin (in the А state) at physiological pH in 5 mM phosphate buffer was very low af- 
finity in nature, with an equilibrium dissociation constant about 10: M.? Current 
studies compare the sickle cell and normal hemoglobin interactions with membranes. 
EPR measurements show that sickle cell hemoglobin causes a larger decrease in the 
W/S value of membrane than does normal hemoglobin.'! Furthermore, the studies 
show that removal of spectrin-actin complex by low ionic strength buffer causes little 
change in the equilibrium dissociation constant, indicating that the remaining mem- 
brane proteins play the primary role in hemoglobin-membrane interaction. The 
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FIGURE 3. 35 GHz VjST EPR 
spectra of spin-labeled (А) spectrin- 
actin complex, (B) membrane ghosts 
in 5 mM phosphate buffer at pH 8 
and 20°C. 

CAD 


stronger interaction of sickle cell hemoglobin than normal hemoglobin with mem- 
branes may have some significance in the formation of irreversibly sickled cells. 


EPR Spectral Properties of ST EPR (V;) Detection and Their Applications 


The strongly immobilized component in the V, detection, which is the major 
spectral component in the system, shows little or no change in spectral shape as rota- 
tional correlation times slow down beyond 107 sec. However, V; spectra in ST EPR 
show sensitivity in the range of 10-7 to 10? sec.*° The V; spectra of labeled erythro- 
cyte membranes with reasonable signal-to-noise ratio can be obtained by signal aver- 
aging.® The spectral parameters L'/L, C'/C, and H'/H introduced by Thomas et 
al., are generally used to monitor the dynamic behavior of the labeled systems." V; 
spectra of Band ІП protein systems show that Band III’s lateral mobility is affected 
by cytoskeletal proteins.” Data of membranes and of spectrin-actin complex ex- 
tracted from labeled membranes by low ionic strength buffer reveal that the complex 
appears to exhibit complicated motions and that the motions are relatively indepen- 
dent of the lipid bilayer and other membrane components.'? Another ST EPR study 
also shows that the dynamic behavior of actin-depleted spectrin molecules that are 
bound to ankyrin is qualitatively similar to that of spectrin dimers or tetramers in so- 
lution.? The motions observed in these two studies are believed to be wobbling and 
flexing motions in the cytoskeletal network. However, because of several experimen- 
tal difficulties, detailed understanding of the dynamic properties of spectrin-actin is 
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still not available. One of these difficulties is the superimposed signals observed at 
9.5 GHz frequency. When the observational frequency is increased to 35 GHz 
(Q-band), the increased levels of the spin states and g-anisotropy give better resolved 
spectra.'* We have applied the Q-band ST EPR techniques to obtain V; spectra of la- 
beled spectrin-actin complex in solution and in ghost membrane (Ficunz 3).'° Com- 
puter spectra subtraction is used to analyze the spectra. Preliminary analysis suggests 
the existence of multiple classes or rates of motions within the complex. The three 
principal motional components appear to have correlation times of about 10^? sec, 
10-7 to 1075 sec, and slower than 107° sec, which are classified as fast, slow, and very 
slow motions, respectively. The fast component corresponds to the W-component in 
the И, detection. The slow and very slow components appear moderately sensitive to 
temperature (over the range 0°C to 30°C), but virtually independent of pH over the 
range of 6 to 8. 

In summary, the maleimide spin-label EPR studies are beginning to provide us 
with some quantitative information on the motional behavior of erythrocyte mem- 
brane proteins. Since membrane component assembly is dynamic in nature, mo- 
tional parameters are sensitive to membranous and cellular events and have been ap- 
plied to study structural and functional properties of membranes from normal and 
abnormal cells. Future identification of the labeling sites on individual proteins and 
applications of modern EPR techniques to this system will certainly help us to fur- 
ther advance our understanding of the erythrocyte membrane on a molecular level. 
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INDUCED ALTERATIONS ІМ THE PHYSICAL STATE OF 
SIALIC ACID AND MEMBRANE PROTEINS IN HUMAN 
ERYTHROCYTE GHOSTS: IMPLICATIONS FOR THE 
TOPOLOGY OF THE MAJOR SIALOGLYCOPROTEIN* 
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INTRODUCTION 


While much is known of the topology of membrane proteins in human erythro- 
cyte membranes’ schematically represented in FiGURE 1, the spatial relationships of 
the major sialoglycoprotein, glycophorin A, to the cytoskeleton remain unknown. 
Based on morphologic investigations of the distribution of colloidal iron hydroxide 
particles (which are solely bound to sialic acid residues, 70% of which are on glyco- 
phorin Аз) upon incubation of human erythrocyte membranes with antispectrin anti- 
bodies, Nicholson and Painter‘ have suggested a structural linkage between the inner 
surface peripheral protein spectrin and the integral transmembrane protein glyco- 
phorin A. Such linkages, if generally true of membranes, may be crucially important 
in the physiology of cells. For example, the phenomenon of transmembrane signal- 
ing, whereby the binding of a molecule such as a hormone, neurotransmitter, or psy- 
chotropic drug to one side of the membrane results in information transfer to the op- 
posite side of the membrane, often expressed by the action of “second messengers” 
on membrane, cytoplasmic, or nuclear proteins, is important in cellular regula- 
поп.’ The mechanisms by which information transfer occurs through the mem- 
brane are not completely understood, but conformational alterations of proteins on 
the opposite side of the membrane from that at which a binding event or protein 
modification occurs would probably be important. In the erythrocyte membrane at 
least two transmembrane linkages have been demonstrated: (1) some molecules of 
Band 3, the major transmembrane protein, are bound to Band 2.1, which in turn is 
linked to the principal cytoskeletal protein spectrin?''? and (2) the minor glycopro- 
tein, glycophorin C, is reported to be linked to Band 4.1,! a key cytoskeletal protein 
that is itself coupled to Band 3 and spectrin.' In order to investigate whether binding 
events or protein modification on one side of the membrane would be manifested by 
changes in the physical state of membrane proteins on the opposite side of the mem- 
brane and to gain further insight into the putative linkage of glycophorin A to spec- 
trin, we have performed several series of preliminary spin-labeling experiments utiliz- 
ing sialic acid-specific and membrane protein-specific spin-labeling methods. 


* Supported in part by research grants from the National Institutes of Health (AG-0084 


and AG-02759). 
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Ficure 1. Schematic representation of protein orientations in the human erythrocyte mem- 
brane. The symbols refer to the following proteins named according to conventional nomencla- 
ture: 3, Band 3, the major transmembrane protein and anion-transporting protein; PAS-1, glyco- 
phorin A, the major sialoglycoprotein; PAS-2, minor sialoglycoprotein thought to be bound 
to Band 4.1; Bands 1 and 2, spectrin, the major component of the erythrocyte cytoskeleton, 
which also includes Band 5 (actin), Band 2.1 (the binding site of spectrin to the membrane), 
Band 4.1; and 4.2. Band 6 is glyceraldehyde 3-phosphate dehydrogenase.* The configuration 
of Band 3 (a dimer) with respect to the number of times it penetrates the bilayer has not been 
definitely indicated since this assignment is still controversial.*-^* 


MATERIALS AND METHODS 


The spin labels employed, 2,2,6,6,-tetramethyl-4-aminopiperidine-1-oxyl 
(ТЕМРАМІМЕ) and 2,2,6,6-tetramethyl-4-maleimidopiperidine-!-oxyl (MAL-6), 
were purchased from Aldrich and Syva, respectively. Ultraviolet and melting point 
analyses demonstrated that no isomaleimide contamination of MAL-6 was present"? 
and mass spectral, NMR, and IR analyses demonstrated that TEMPAMINE was 
pure." Phaseolus vulgaris phytohemagglutinin (PHA) was obtained from Miles- 
Yeda, wheat germ agglutinin (WGA) from Calbiochem, and concanavalin A (Con 
A) from Sigma. N-ethylmaleimide (> 99% pure) was obtained from Aldrich and glu- 
taraldehyde was obtained from Sigma. АП other chemicals were of the highest purity 
obtainable. 

Blood was drawn into heparinized tubes by venipuncture from healthy volun- 
teers. Intact cells were obtained within one hour of drawing blood as described pre- 
viously.? Depending on the experiments to be performed, erythrocyte membranes 
(ghosts) essentially free of hemoglobin were obtained by osmotic lysis in 5 mM so- 
dium phosphate buffer, pH 8.0 (5Р8) or 10 mM Tris-HCl, pH, 7.4 at 4°C and subse- 
quent washings in the respective buffer. In either case, the milky white ghosts were 
then washed two times with 5P8 prior to the initiation of spin-labeling procedures. 
After overnight spin labeling of sialic residues with TEMPAMINE as described be- 
low, 10 mM Tris НСІ pH 7.4 was used to remove excess spin label from the system. 
No ESR signal was detectable in the supernatant of the sixth Tris wash. Estimation 
of membrane protein content was performed according to Lowry et al. Measure- 
ment of membrane-bound acetylcholinesterase activity was performed as described 
by Ellman ef а/.7“ as modified by Steck and Капі.!5 SDS-polyacrylamide gel electro- 


Butterfield ег al.: Sialic Acid and Membrane Proteins 171 


CHOH 
AcN о С00- о 
H 
GEL tava 
IO X NAIO4 
lO min. ; 0°С 


SX TEMPAMINE , NABH3CN 
leh , 4°C 


FIGURE 2. Schematic representation of the reductive amination procedure for the covalent 
incorporation of TEMPAMINE selectively into sialic acid residues of human erythrocyte mem- 
branes. See Feix and Butterfield’? for more complete details. 


phoresis was performed using the discontinuous buffer system of Laemmli under re- 
ducing conditions. 

Sialic acid in erythrocyte ghosts was spin-labeled by TEMPAMINE employing 
reductive amination in the presence of NaCNBH, of previously periodate-treated 
membranes as earlier described’? and as outlined in Ficure 2. No nonspecific incor- 
poration of the spin label was observed under the conditions used for spin labeling. 1? 
Approximately 409/o of the sialic acid residues of human erythrocytes are labeled by 
this method, with approximately 70% of these labeled sites on glycoproteins (most 
prominently, glycophorin А), and the remainder on glycolipids.'? 

Erythrocyte ghosts were spin-labeled by the protein-specific spin label, MAL-6, 
as described previously," with care being observed to keep buffer pH, ionic strength, 
labeling time, and spin-label concentration constant in each experiment.'* Lipid iso- 
lation?? or exhaustive dialysis?? have demonstrated that nonspecific incorporation of 
MAL -6 in the lipid phase of erythrocyte membranes does not occur. 

In the lectin experiments, ghosts spin-labeled with TEMPAMINE or MAL-6 
were diluted to 3.0 mg membrane protein per ml and the desired concentration of 
lectin in 5 mM sodium phosphate buffer pH 8.0 (5Р8) was added at room tempera- 
ture (final ghost concentration 2.0 mg protein per ml) for one hour prior to recording 
the electron spin resonance (ESR) spectrum. PHA was added at 1.0 mg/ml, while 
WGA and Con A were added at 1.5 mg/ml and 0.8 mg/ml, respectively. Addition- 
ally, Con A was studied at 1.6 mg/ml. In each case a control sample (addition of 
only the 5P8 buffer) was used for each sample studied. In all other experiments em- 
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ploying TEMPAMINE, a final spin-labeled ghost concentration of 2.0 mg/ml was 
used. 

Glutaraldehyde was dissolved in 5P8 and added to spin-labeled ghosts to give a 
final concentration of 0.1%. 

Spectrin was removed from erythrocyte membranes by overnight dialysis 
against 0.2 mM EDTA, pH 7.4 at 4°C.”! The dialyzed samples were washed twice in 
the 0.2 mM EDTA, pH 7.4 buffer and twice in 5Р8 and resuspended to their original 
volume in 5P8. Spectrin-depleted membranes were spin-labeled with TEMPAMINE 
as described above. 

In order to study the effect of Са?” on the physical state of sialic acid, Tris-HCl 
washed, TEMPAMINE spin-labeled ghosts were reacted with CaCl, to give a final 
concentration of 10 mM. 200 pl aliquots of spin-labeled ghosts were reacted at room 
temperature 10 minutes with 100 u1 of 10 mM Tris НСІ, pH 7.4 buffer or CaCl, in 
10 mM Tris НСІ, pH 7.4. 

Magnetic resonance spectra were obtained at room temperature on a Varian 
E-109 ESR spectrometer equipped with an E-238 rectangular resonant cavity and as- 
sociated quartz rectangular sample cell. The waveguide and cavity were purged with 
extra dry nitrogen at a flow rate of five cubic feet per hour. Modulation and power 
broadening of the resonance lines were avoided. Under the conditions of labeling 
used in these studies no Heisenberg spin exchange occurred.’” 


RESULTS 
ESR Spectra of TEMPAMINE and MAL-6 Attached to Erythrocyte Membranes 


In human erythrocyte membranes sialic acid is specifically spin-labeled with 
TEMPAMINE by reductive amination” as described in Метнорѕ to yield an ESR 
spectrum like that in FIGURE 3. This asymmetrically broadened three-line spectrum is 
characterized by an apparent rotational correlation time, r4, calculated by 


r= 65 100 Aly | EXE ear -2 | 
н / == | 


where АН,р, A(0), А(+ 1), and А(- 1) are, respectively, the peak-to-peak linewidth 
of the central (Мі = 0) resonance line in Gauss and the peak-to-peak amplitudes of 
the Mı = 0, +1, and — 1 lines.” The longer the ta, the slower the motion of spin-la- 
beled sialic acid. Rigorous calculations of the rotational correlation time would re- 
quire computer simulation of experimental spectra, inclusion of Mj-dependent 
broadening of the three nitrogen hyperfine lines by unresolved hydrogen hyperfine 
coupling,” and other small effects. Consequently, the absolute accuracy of the ap- 
parent correlation time calculated by the above equation is subject to the errors 
stated; however, differences in correlation times induced by various treatment are 
given precisely. Consequently, relevant biochemical information is obtainable from 
these systems without these further refinements. 

In contrast to the three-line ESR spectrum of TEMPAMINE bound to sialic 
acid in erythrocyte membranes, ghost proteins spin-labeled by MAL-6 give rise to a 
composite spectrum indicative of at least two different classes of label-binding sites 
characterized by their motion: strongly and weakly immobilized (Ғістув 4). The ma- 
leimide label is thought to bind principally to SH groups on cysteine but it is also re- 
ported that a small proportion of the signal intensity is caused by MAL-6 incorpora- 
tion onto NH, groups on lysine residues.?* Spectrin, actin, Band 3, Band 2.1, and 
glycophorin are thought to be the chief binding sites of MAL-6 in erythrocyte ghosts 
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FIGURE 3. Typical ESR spectrum of TEMPAMINE spin label attached to sialic acid residues 
of membrane glycoproteins and glycolipids in human erythrocyte ghosts. The spin label was 
covalently attached to sialic acid by reductive amination as previously described.'? The spectral 
measurements required in the calculation of ta are indicated. Instrument parameters: 40 G scan 
width, 14 mw microwave power and 0.32 Gauss modulation amplitude. 


spin-labeled as described абоуе.?° Other scientists, using different spin-labeling 
methods report that the spectrin-actin complex accounts for 80% of the MAL-6 sig- 
nal intensity, Band 3 for 10%, while the binding sites for the remaining 10% are un- 
known.” The MAL-6 spectrum of erythrocyte ghosts has been discussed extensively 
elsewhere’*’ as have the several experimental variables that need to be controlled to 
give reproducible ESR spectra employing this label.'® The analysis of the spectrum of 
MAL-6 attached to membrane proteins in erythrocyte ghosts is performed via the 
W/S ratio (FIGURE 4), a sensitive and convenient monitor of the physical state of 
membrane proteins.'?:19?:27-39 The W/S ratio is reported to be altered by various pro- 
cedures and agents that change the conformation of membrane proteins.’ -° 


H10 6 -- 


FIGURE 4. A typical ESR spectrum of MAL-6 attached to membrane proteins in normal 
erythrocyte membranes. The amplitudes of the Мі = +1 lines of the spin label covalently 
bound to strongly and weakly immobilized binding sites are indicated by S and W, respectively. 
Fresh erythrocyte ghosts were labeled overnight at 4°C by MAL-6 in 5Р8 as previously described. "7 
After five washes with 5P8 to remove excess spin label, the spectra of the spin-labeled ghosts 
were recorded at room temperature with a sweep width of 100 G. The modulation amplitude 
and microwave power incident on the resonant cavity were 0.32 G and 14 mw, respectively. 
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Interaction of Lectins with the Cell Surface of Spin-labeled Membranes 


Lectins, plant or invertebrate proteins or glycoproteins, bind selectively to spe- 
cific carbohydrate residues. PHA binds to red blood celi membranes via strong inter- 
action with glycophorin A.** Mannose located in the core of the carbohydrate chain 
and two galactose residues, one of which is penultimate to a sialic acid residue, are 
the primary determinants. P. vulgaris PHA binding is not affected by removal of 
sialic acid.?? The erythrocyte receptor for WGA is also glycophorin A.? However, 
several studies suggest that in addition to N-acetylglucosamine, sialic acid is also in- 
volved in the binding of this lectin.?3-35 Con A is thought to bind to Band 3,?* which 
contains very little sialic acid,’ via glucopyranosides and mannopyranosides. 

The results of the effect of the three lectins PHA, WGA, and Con А on та of 
TEMPAMINE and the W/S ratio of MAL-6 are given in TABLE 1. PHA and WGA, 
which both bind to glycophorin A but at different sites (discussed above), gave a 
10% and 33% mean reduction in the apparent rotational correlation time of the spin 
label attached to sialic acid (TABLE 1). In contrast, Con A, which binds to Band 3, 
did not affect ta of TEMPAMINE in human erythrocyte ghosts. The W/S ratio of 
the protein-specific spin-label MAL-6 is highly significantly reduced by PHA, in- 
creased by WGA, and unaffected by Con A (TABLE 1), suggesting that the former 
two lectins, though both binding at the cell surface to glycophorin, may have pro- 
nounced but markedly different effects on the conformation of proteins within the 
membrane. 


Effects of Modification of Membrane Proteins on ta of TEMPAMINE 
Bound to Cell Surface Sialic Acid 


The results of lectin binding monitored by the protein-specific spin-label MAL-6 
(TABLE I) suggested that binding events occurring at the cell surface may be mani- 
fested in changes in the physical state of proteins within the membrane. We wished 


TABLE 1 


EFFECTS OF THE LECTINS PHA, WGA, AND Сом A ON тд OF THE 
SIALIC ACID-SPECIFIC SPIN LABEL ТЕМРАМІМЕ AND THE W/S RATIO OF THE 
PROTEIN-SPECIFIC SPIN LABEL MAL-6 iN HUMAN ERYTHROCYTE GHOSTS* 


Concentration Protein To Which 


Lectin (mg/ml) Lectin Is Bound N тА/тсопто] (ЧҮ /S)ytecin/ (W / S)contro 
PHA 1.0 Glycophorin 8 0.90 + 0.031 0.67 + 0.031 
WGA 1.5 Glycophorin 4 0.67 + 0.13 1.17 + 0.058 
Con A 0.8 Band 3 3 0.99 + 0.02 1.00 + 0.04 

1.6 Band 3 3 1.00 + 0.11 - 


ж A separate control sample was obtained for each individual lectin sample studied on each 
day. The level of significance (p value) of each mean ratio was calculated by a two-tailed Stu- 
dent’s ¢-test with a null hypothesis that the respective ratio is unity (the value expected if the 
particular lectin under study were to cause no alteration in the apparent correlation time or 
physical state of membrane proteins compared to control) and an alternative hypothesis that 
this ratio is different than unity. Mean + Std. Dev. are presented. 

i p < 0.0001. 

t p < 0.02. 

$ p < 0.05. 
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Тавік 2 


EFFECTS OF MEMBRANE PROTEIN MODIFICATION IN HUMAN ERYTHROCYTES GHOSTS 
ON THE APPARENT ROTATIONAL CORRELATION TIME OF SPIN-LABELED 
Static ACID RELATIVE TO UNTREATED CoNTROLS* 


Effect Of Agent On (TA) modified 
Agent Added Membrane Proteins (ТА) ОО М pt 
0.4 mM NEM SH groups chemically modified 1.01 + 0.04 5 N.S. 
0.1% Glutaraldehyde Reported to cross-link spectrin 1.21 + 0.10 4 <0.05 
without cross-linking band 3 or 
glycophorin 


* Mean + Std. Dev. are presented. 
T Value of p calculated by a two-tailed Student's t-test. 


to determine whether modification of membrane proteins within the bilayer or at- 
tached to the cytoplasmic surface would result in alterations in the physical state of 
sialic acid on the external side of the membrane. 

TABLE 2 demonstrates that with simple chemical modification of membrane pro- 
teins by N-ethylmaleimide, no alteration in rA of spin-labeled sialic acid occurred. 
However, when spin-labeled ghosts were treated with 0.1% glutaraldehyde, a con- 
centration that is reported by Steck” to cross-link spectrin on the cytoplasmic side of 
the membrane without cross-linking Band 3 or glycophorin A, a significant (p < 
0.05), 21% reduction in rotational motion of spin-labeled sialic acid was observed. 
This result may mean that spectrin and glycophorin A interact closely in the mem- 
brane and does suggest that modification of a protein on the cytoplasmic side of 
membrane can be reflected in alteration of the physical state of the external side. 
Acetylcholinesterase activity in erythrocytes treated with 0.1% glutaraldehyde was 
the same as normal controls (data not shown) consistent with the suggestion that 
spectrin is the principal protein affected by the low concentration of glutaraldehyde 
used.?? 

Additional preliminary evidence of the importance of spectrin in the conforma- 
tion of glycophorin has been obtained. Previous spin-labeling studies utilizing 
MAL-6 had shown that removal of spectrin from the membrane resulted in confor- 
mational changes of large magnitude in the remaining membrane proteins.'® The 
present work has suggested that the rotational motion of spin-labeled sialic acid of 
ghosts depleted of spectrin was 87% slower than that of control ghosts (TABLE 3, p< 
0.02). It is not clear from these experiments alone whether this finding is a conse- 
quence of the absence of spectrin-glycophorin А interactions, a secondary result of 
the effect of spectrin removal on the physical state of other membrane proteins 
which then causes the decreased motion of sialic acid, or some combination of these 
two. However, the initial results are consistent with the idea that spectrin may have 
considerable influence on the physical state of sialic acid and that alterations in the 
conformation of proteins within the membrane caused by the removal of spectrin 
from the cytoplasmic surface may be expressed at the external surface of the mem- 
brane. 

Further studies designed to determine if membrane modification would affect 
the physical state of sialic acid were undertaken. Calcium is known to have a notable 
effect on the physical state of membrane proteins in erythrocyte ghosts!5?5 and to 
bind to spectrin.?? However, Ca?* is also reported to interact with negatively charged 
lipids in vesicles to cause a phase separation.^ In erythrocyte membranes the most 
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TABLE 3 


COMPARISON OF THE APPARENT ROTATIONAL CORRELATION TIME OF 
SPIN-LABELED SIALIC ACID IN SPECTRIN-DEPLETED HUMAN ERYTHROCYTE 
GHOSTS TO THAT OF INTACT GHOST MEMBRANES 


(TA) spectrin-depleted 
Experiment (tA) control 


1 1.80 
2 1872) 
3 


2.09 
Mean + S.E.M. 1.87 + 0.11 
р* <0.02 


ж Value of p calculated by a two-tailed Student's t-test with a null hypothesis that the mean 
ratio was 1.00, the value expected if spectrin depletion had no effect on the motion of spin- 
labeled sialic acid, and an alternative hypothesis that this mean ratio was not unity. 


abundant negatively charged lipid is phosphatidylserine, which is thought to be 
found predominantly on the inner (cytoplasmic) aspect of the lipid bilayer.’ In our 
initial studies, Са?” at 10 mM in 10 mM Tris НСІ, pH 7.4 was incubated with TEM- 
PAMINE spin-labeled ghosts. A 20% decrease in ta (increased motion) was ob- 
served (TABLE 4, p < 0.005). 


DISCUSSION 


These spin-label studies have suggested that modification of membrane proteins 
on one side of the membrane may result in an alteration in the physical state of pro- 
teins on the opposite side of the bilayer. In particular, lectin binding to glycophorin 
A at the external cell surface caused significant changes in the conformation of pro- 
teins within the membrane. Similarly, alterations in the physical state of proteins 
within the membrane, particularly spectrin at the cytoplasmic side of the membrane, 
were capable of altering the physical state of sialic acid on the external side of the 
membrane. The interaction of three cell-surface-specific lectins, two of which bind 
to different sites on the same glycoprotein, can be discriminated by both sialic acid 
and protein-specific spin labels. PHA caused a mean increase in motion of spin-la- 
beled sialic acid of 10% while decreasing the W/S ratio, a measure of the conforma- 
tion of proteins in the membrane, by greater than 30%. In contrast, WGA increases 
the motion of spin-labeled sialic acid by more than 30% while increasing the W/S ra- 
tio of spin-labeled proteins in erythrocyte membranes by approximately 17%. 

The simplest interpretation of the results with PHA or WGA on the motion of 
sialic acid is that binding of these lectins may induce a conformational change in the 
glycoprotein receptor, which exposes the spin label to a less restricted environment, 
allowing the rotational mobility of the TEMPAMINE population to increase and to 
a greater extent with WGA than PHA. The MAL-6 results show that PHA and 
WGA binding to glycophorin A at the external surface of human erythrocyte mem- 
branes have pronounced but different effects on the physical state of proteins within 
the membrane. 

Our experiments with Con A, which binds to Band 3, suggest that treatment of 
spin-labeled ghosts with this lectin induces no change in the mobility of the sialic 
acid-bound probe or in the conformation of proteins іп the membrane (TABLE 1). 
Con A is also reported not to alter human erythrocyte membrane fluidity.“ Since 
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TABLE 4 


COMPARISON OF THE EFFECT OF 10 MM Са?" oN THE APPARENT ROTATIONAL 
CORRELATION TIME ОЕ SPIN-LABELED SIALIC ACID ІМ 
ERYTHROCYTE GHosTs RELATIVE TO CONTROL 


(ta) ca 
Experiment (tA) buffer 


0.70 
0.66 
0.86 
0.84 
0.89 
0.86 
Mean + S.E.M. 0.80 + 0.04 
p* <0.005 


QN tA Б ш м = 


ж Value of p calculated by the two-tailed Student's t-test with null hypothesis that the mean 
ratio is 1.00, the value expected if 10 mM Са?” had no effect on the motion of spin-labeled 
sialic acid, and the alternative hypothesis that Са?" did affect motion of sialic acid. 


Con A has a binding specificity for glucopyranosides and mannopyranosides, it is 
unlikely that our spin labels have prevented its attachment to the membrane. 

No alterations in ta were observed upon simple chemical modification of mem- 
brane proteins with N-ethylmaleimide. However, cross-linking of spectrin with 0.1% 
glutaraldehyde is sufficient to significantly reduce the motion of sialic acid (TABLE 
2). Glutaraldehyde at this low concentration is also sufficient to decrease erythrocyte 
lipid fluidity.*? But this result is suggested to be a secondary consequence of protein 
alterations.*? Consequently, while lipid alterations induced by glutaraldehyde could 
be partially responsible for the decreased motion of spin-labeled sialic acid, spectrin 
alterations may possibly be more important. Removal of spectrin from the mem- 
brane decreased the molecular motion of sialic acid even more than partial cross- 
linking of this protein (TABLE 3). 

Glycophorin contains over 70% of the red blood cell sialic acid’ and incorpo- 
rates the greatest proportion of TEMPAMINE."? While the concept of “boundary” 
lipids is still controversial,'5 one P-NMR study suggests that glycophorin A immo- 
bilizes phospholipids at the glycophorin-lipid interface.** The results of the present 
preliminary studies suggest the possibility that glycophorin A and spectrin are linked 
in the membrane in a dynamic tension. Perturbations to spectrin, which partially 
cross-link this protein, cause decreased motion of sialic acid; however, as noted, this 
motion is decreased even further if spectrin is removed. Under these conditions, 
phospholipid-glycophorin A interactions may possibly increase resulting in de- 
creased motion. Concomitantly or alternatively, removal of spectrin would diminish 
Band 3-spectrin interactions through Band 2.1 and could conceivably cause the re- 
ported transient interactions of glycophorin А and Band 3% to become stronger and 
longer in duration, thereby possibly resulting in decreased motion of sialic acid. Ad- 
ditional studies utilizing purified components will be required to begin to address 
these possibilities. The findings of our studies suggesting that spectrin has great in- 
fluence on the physical state of sialic acid is consistent with and supportive of the 
morphological studies of Nicholson and Painter,5 who suggest a direct link between 
spectrin and glycophorin. Repetition of the experiments described in the present 
study utilizing erythrocytes from persons with the rare blood type Еп(а-), who lack 
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glycophorin A but have sialic acid on Band 3,*? would provide a means to further test 
this suggestion. { S. 

The molecular basis for the suggested increased motion of spin-labeled sialic 
acid caused by Ca?* (TABLE 4) is unknown. Calcium is reported to bind to spectrin.?? 
In addition to the perturbation of membrane protein conformation by Са?” reported 
by several Іабогаѓогіеѕ, !8'28:4 the observed conformation of Са?” could potentially be 
partially due to a relaxation of glycophorin-lipid interactions induced by this divalent 
cation through its binding to negatively charged phospholipids, usually located on 
the cytoplasmic surface of the cell. Further investigations utilizing purified glyco- 
phorin А are needed to assess the degree to which these two possibilities are impor- 
tant in our results. 

The present initial studies provide evidence for the concept that protein con- 
formational changes on one side of the membrane can be manifested by protein al- 
terations on the opposite side of the bilayer (Tastes 1-4). These investigations also 
provide experimental support for the role of transmembrane protein conformational 
alterations in mechanisms of information transfer. A binding event on one side of 
the bilayer may cause a protein conformational change on the opposite side of the 
membrane, which in turn may initiate or regulate subsequent metabolic, binding, or 
chemical events thereby completing the information transfer. Experimental testing 
of these ideas are possible with the spin-labeling systems described in this study. 
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BIOENERGETIC STUDIES OF CELLS WITH SPIN PROBES* 


Rolf J. Mehlhorn and Lester Packer 
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INTRODUCTION 


Nitroxide spin labels have been used successfully for a diversity of biological 
studies, including studies of membrane structure,’ protein structure,” and cytoplas- 
mic water viscosity.? Recently another application of spin labels has evolved — the 
measurement of bioenergetic parameters.* These bioenergetic parameters are: cell 
volumes, pH and electrical gradients across membranes, electrical surface and 
boundary potentials, and one-electron reduction/oxidation potentials within specific 
cellular domains. The success of these measurements is due to the ease of resolving 
ESR spectra of nitroxide probes quantitatively to obtain membrane-bound and 
aqueous populations together with the availability of a host of different nitroxide 
structures, providing the investigator with great flexibility of probing specific cellular 
domains. Two basic approaches for bioenergetic measurements have been elabor- 
ated: in the first, membrane binding of certain nitroxides 1s exploited to relate parti- 
tioning of these probes between aqueous and membrane domains to energized states; 
the second consists of quantitating probe concentrations by direct measurements of 
spectral lines in all of the relevant cellular compartments. The former approach re- 
quires calibration curves derived from model system studies and thus closely resem- 
bles analogous experiments conducted with fluorescent probes, radioactive tracers, 
etc. The latter approach avoids difficulties associated with model system calibrations 
by virtue of performing direct measurements of probe concentrations using mem- 
brane-impermeable paramagnetic broadening agents to selectively eradicate signals 
from the extracellular water. Here we present the technique that uses paramagnetic 
broadening agents for bioenergetic measurements. 


CELL VOLUMES 


Accurate volume determinations are required for quantitative bioenergetic stud- 
ies. Furthermore, volume changes occurring under energized conditions can often be 
used to infer ion fluxes and mechanisms of bulk ion transport. The nitroxide probe 
method is particularly suited for volume measurements because rapid measurements 
can be conducted requiring only minimal amounts of cells. Typically, accurate mea- 
surements can be obtained for sample volumes of 40 microliters containing mem- 
branes at a concentration of 10 mg/ml. The method consists of quantitating the 
probe signal in the cell suspension by measuring aqueous line heights of a membrane- 
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permeable, yet highly water-soluble, probe іп the absence and presence of а рага- 
magnetic, impermeable quenching agent. An example of such a determination is pre- 
sented in FIGURE 1. 

The major shortcoming of such volume measurements is that many cells reduce 
nitroxides to their non-paramagnetic hydroxylamine derivatives. Such reduction can 
be caused by electron transport? or by cellular reducing substances, such as gluta- 
thione and ascorbate. To some extent this complication can be avoided by using low 
concentrations of ferricyanide as the quenching agent, since it maintains nitroxides 
in their oxidized state without significantly broadening the signal if its concentration 
is less than 1 millimolar. If the intracellular environment has a reducing potential 
while the exterior is much more oxidizing because of the ferricyanide, the effect of 
nitroxide reduction inside the cells can be assessed quantitatively by varying the ferri- 
cyanide concentration and by extrapolating the intracellular nitroxide signal of a 
very rapidly permeable probe to infinite ferricyanide concentrations. Unfortunately, 
some irreversible loss of nitroxide signals occurs even in the presence of ferricyanide, 
indeed certain destructive reactions may be promoted in its presence.? Such difficul- 
ties can be circumvented by conducting rapid-mix experiments with very rapidly per- 


1.02 mm 
on Heo 


Gains 8 x 10 


0.050тт 


3 
Geinz 1.25 x 10 


Volume x 0:0507 49 Al/ml 
1.02 


4 
Geln» 2 x 10 


Protein з 5.8 mg/ml 


Volume = 8.7 Al/mg protein 


FiGURE 1. Schematic representation of a volume measurement and an example of applying 
the method to envelope vesicles of the Halobacterium halobium strain 59, 4 M NaCl, using 
200 mM Na;FeCN, as the quenching agent. Line heights shown for the low-field aqueous lines 
were divided by the respective instrument gains. 
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meable probes so that intracellular signals can be measured before significant signal 
loss has occurred. Alternatively, the rate of spin reduction can be assayed to extrapo- 
late the intracellular signal to zero time. 

To permit selection of optimally permeable probes, rates of diffusion of nitrox- 
ides across membranes must be estimated. Even with rapid-mixing techniques many 
probes equilibrate across all membranes too rapidly for measurement. However, 
such experiments do show that small nitroxides (e.g., TEMPONE) equilibrate across 
human erythrocyte membranes within 100 milliseconds. 


РН GRADIENT MEASUREMENTS 


The technique for quantitating pH gradients with spin probes has been de- 
scribed.^* Briefly, the method consists of performing an intracellular spin signal 
measurement, as described in the preceding section, but now using spin-labeled 
amines and weak acids. Thus, the concentration ratio of amines and acids on two 
sides of a membrane can be calculated and related to pH gradients. The method re- 
lies upon the assumption that the uncharged species are permeable and the charged 
species are not. Experiments with permanently charged spin labels of similar ionic ra- 
dius have corroborated the validity of these assumptions. Moreover, experiments 
conducted with cells suspended in solution of varying pH have revealed that rapid 
permeation of the probes occurs at pH 7 (half-time of about 1 sec for uptake into red 
cells), but that as the pH of the solution differs increasingly from the pK value of the 
acid or amine probes, their permeability decreases and often becomes rate-limiting in 
measurements of kinetics of energy-dependent pH changes. This is demonstrated in 
terms of the different kinetics of probe accumulation and extrusion in envelope vesi- 
cles of the Halobacterium halobium strain S9 shown in FIGURE 2. At the low pH of 
this experiment, the response of the amine probe to the decay of the gradient is sig- 
nificantly slower than that of the weak acid probe. 

Interestingly, we have frequently observed that energy-dependent pH gradients 
measured with spin-labeled acids and amines are not identical. For example, in enve- 
lope vesicles of halobacteria, the magnitude of the pH gradient measured with the 
acid probe (which is taken up by the vesicles) is substantially larger than is obtained 
with the amine. This anomaly persists over a wide range of bulk-pH values.* Most 
likely, the discrepancy between the two measurements is due to vesicle heterogeneity, 
i.e., some vesicles generate larger pH gradients than others. 


DUAL SPIN-PROBE ASSAYS ОЕ VESICLE HETEROGENEITY 


As mentioned in the last section, differences in pH gradients measured with 
spin-labeled acids and amines can be taken as evidence of functional heterogeneity of 
cells. A more detailed characterization of heterogeneity can be inferred by combin- 
ing two probes іп a single cell sample: a normal “М pH-sensitive probe and an iso- 
topically enriched “М volume probe. The principle of the method is to use the 
pH-dependent accumulation of the former nitroxide to paramagnetically quench the 
signal of the volume probe. As a simple example of this approach, consider a mixed 
population of proton-pumping vesicles, some of which are normally oriented while 
the others are inverted. With an appropriate choice of probe concentrations, a de- 
crease of the volume-probe signal will occur for vesicles where the pH-driven accu- 
mulation of the amine probe occurs, while no signal change of the '*5N probe will 
accompany extrusion from inversely oriented vesicles. Vesicles labeled with a combi- 
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FIGURE 2. Comparison of the kinetics of ApH measurements with amine and weak acid 
probes. S9 vesicles, 3.8 M NaCl, 0.1 М Ма.ЕеСМ, pH 5.3. 


nation of the acid and volume probes will manifest the opposite phenomenon, i.e., 
only the volume probes in the inversely oriented vesicles will be quenched. Thus if 
one observes pH-gradient-dependent quenching of a volume probe by both acid and 
amine spin-labels, a mixed population of vesicles having oppositely oriented proton 
pumps can be inferred. 

An extension of the dual-probe method is to estimate volumes of subcellular 
compartments whose pH differs significantly from the cytoplasm value. Such an ex- 
periment would consist of a volume determination of a cell in the presence and ab- 
sence of spin-labeled amines and acids. Assuming it is known (e.g., from cytochemi- 
cal staining) that such compartments exist, then the reduction of volume signals in 
the presence of pH-sensitive nitroxides can be used for a direct determination of the 
volumes of these compartments without resorting to time consuming and ambiguous 
cell fractionation experiments. Quenching of the signal of a volume probe by in- 
creasing concentrations of a spin-labeled amine is shown in FIGURE 3. 

The permeability of available nitroxides varies considerably as exemplified by 
FIGURE 4. This provides the opportunity of loading cells with nitroxides by extended 
incubation rather than by lysis and resealing of membranes, followed by the usual 
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column chromatography to remove extracellular labels. Furthermore, such slowly 
permeable probes could perhaps be used for studies of cell heterogeneity. If the per- 
meability of a probe across the plasma membrane is comparable to its permeability 
across subcellular membranes, then subcellular aqueous environments can be selec- 
tively observed in time-dependent experiments. Assuming that probe reduction can 
be avoided or corrected for, such experiments, in principle, could provide evidence 
for non-uniform viscosity of intracellular water, for example. 


TRANSMEMBRANE ELECTRICAL POTENTIALS 


Despite enormous interest in electrical potentials (AV), no truly satisfactory 
method has existed for accurately measuring such potentials. Microelectrodes in- 
serted into cells necessarily break the membrane whose potential is being sought, 
while permeable ion accumulation suffers from uncertainties associated with mem- 
brane binding of the ions. The recent development of spin-probe methods for these 
measurements overcomes this difficulty by virtue of the measurability of ESR spec- 
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tral components because of bound ions so that this probable source of artifacts can 
be eliminated. 

Two classes of permeable ions have thus far shown utility for АУ measurements. 
These are lipophilic cation analogues of tetraphenyl phosphonium and the anion ni- 
trophenyl phosphate esterified to 4-hydroxy-2,2,6,6-tetramethyl piperidine-N-oxyl 
(TEMPOL). These spin probes are schematically represented in Ficure 4 along with 
the kinetics of their response to light-induced potentials in halobacterial envelope 
vesicles. All of the probes respond relatively slowly and thus have limited application 
for kinetic experiments. 

FiGURE 5 shows substantial differences among the probes for uptake into the 
vesicles, implying that probe permeability imposes the rate-limiting constraint. The 
probe Кф was a generous gift from К. Hideg. The most rapidly accumulated probe, 
T$E3, the ester of (3-carboxypropyl)triphenyl phosphonium bromide апа 
TEMPOL, synthesized according to Cafiso and Hubbell,? also exhibits the greatest 
membrane binding. Not surprisingly, these lipid-soluble ions exert an inhibitory ef- 
fect on AU development as the probe concentration increases above 50 uM (at a 
membrane concentration of about 10 mg protein/ml). This inhibitory effect is cor- 
related with a binding of the probe to the membranes. Therefore, the advantage of 
rapid permeability of more hydrophobic ions is offset by their deleterious effect 
upon the functional integrity of membranes at the high concentrations required to 
give adequate signal-to-noise ratios of aqueous spectral lines. 

Electrical potential measurements with spin-labeled phosphonium ions in illum- 
inated halobacterial vesicles have shown that membrane-binding changes of the 
probe during energization have a substantial effect upon the calculated AV. In the 
usual calculation of AV it is assumed that all the hydrophobic ions that are removed 
from the bulk aqueous phase appear within the intravesicular aqueous phase. Analy- 
sis of ESR data has shown that much of this probe in fact becomes membrane bound 
and that the ratio of aqueous ions on the two sides of the membrane is considerably 
smaller than had been estimated previously. In one example, our calculation yielded 
a AV of 78 mV, where a conventional analysis that did not take binding charges into 
account gave a potential of 126 mV.* 

At high salt concentrations, where surface potentials are negligible, alterations 
in the distribution of hydrophobic ions may also occur because of energy-linked di- 
pole potentials, i.e., intramembrane electrical gradients (such as might arise from 
electron delocalizations into hydrophobic regions of membrane proteins). Thus far 
we have not attempted to define the contribution, if any, of boundary potentials to 
the membrane binding of hydrophobic ions. One approach towards estimating such 
effects might be to collapse AV with an ionophore, e.g., valinomycin (in the presence 
of potassium), to determine whether binding changes of spin-labeled hydrophobic 
ions occur upon membrane energization. Another approach could be to compare en- 
ergy-linked responses of probes that bind to membranes to differing extents and thus 
would be expected to achieve the same transmembrane equilibrium distribution in re- 
sponse to AY, but different water-to-membrane partitionings in response to bound- 
ary potentials. 


SURFACE POTENTIALS 


Interfacial charge separations, and hence surface potential changes, may play a 
primary role in many membrane energization processes. Moreover, pH changes in 
aqueous domains will inevitably be accompanied by surface potential fluctuations as 
amino acid residues of membrane proteins lose and gain protons. Such surface po- 
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tential fluctuations may have important consequences for bioenergetics, е.2., by 
modulating ion fluxes coupled to AY or by affecting the substrate affinity for en- 
zymes that use positively or negatively charged substrates at different membrane in- 
terfaces. Surface potentials will also be implicated in the response of many probes to 
energization. For all but the highest salt concentrations, any charged molecule with 
some membrane affinity, including virtually all of the probes in current use for mea- 
suring pH and electrical gradients, will respond to surface potentials. To correct for 
contributions of surface potentials to such probe responses it is important to have 
separate and unambiguous assays for surface potentials. 

Long-chain, spin-labeled amphiphiles have proven effective for measuring 
membrane surface potentials.'? These spin-labels are analogues of the familiar deter- 
gents SDS and CTAB (cetyltrimethyl ammonium bromide). Paramagnetic quench- 
ing techniques outlined in earlier sections have shown that the cationic amphiphiles, 
designated as CATn, permeate membranes very slowly (equilibration time is many 
hours in most membranes) and hence are suitable for side-specific measurements if 
loading procedures can be employed to selectively label the cytoplasmic membrane 
interface. On the other hand, the anionic probes, designated as ANn, permeate 
membranes considerably more rapidly (significant uptake occurs in a few minutes in 
most membranes) and hence are suitable for studies of average surface potential 
changes for both membrane interfaces (in single bilayer membrane vesicles or cells). 

The surface potential assays rely entirely on discriminating between the clearly 
resolved spectral features of the probes in water and bound to membranes and thus 
do not require paramagnetic quenching agents. Furthermore, since a change of sur- 
face potentials leads to a reequilibration of probes across the aqueous interface with- 
out the requirement for transmembrane diffusion, these probes have the most rapid 
possible response kinetics of all the nitroxides being used for bioenergetic studies. In- 
deed, in measurements of surface potentials associated with proton release and up- 
take in halobacterial purple membranes, we found that the cationic probes re- 
sponded to laser flash energization within 8 milliseconds." 


ONE-ELECTRON REDUCTION/OXIDATION AND FREE RADICAL REACTIONS 


For the studies described thus far spin reduction or destruction by cells is at best 
an annoyance. However, the study of nitroxide one-electron redox reactions can 
yield valuable information about the location and identity of membrane-bound elec- 
tron donors and acceptors. By combining slowly permeable nitroxides with quench- 
ing agents, reactions at either aqueous interface with electron donors can be studied. 
Purified reduced nitroxides can be prepared by ascorbate reduction and thin-layer 
chromatography and afford the opportunity to define the location of electron accep- 
tors. 

Two types of processes can destroy nitroxides with the formation of products 
that cannot participate in one-electron redox reactions. One is their reaction with 
carbon-centered or thiyl radicals and the other is further reduction of hydroxyla- 
mines to form secondary amines under highly reducing conditions. The impact of 
such processes on measurements of reversible redox reactions can be assessed by 
treating broken cells with about ten equivalents of ferricyanide after energy-depen- 
dent reduction and oxidation assays have been completed. Such treatment will cause 
complete reoxidation of hydroxylamine derivatives of the nitroxides without affect- 
ing the other possible reaction products of the nitroxides. 
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CONCLUSIONS 


Typical measurements of cell bioenergetics with probe techniques interpret data 
in terms of some single, average parameter and often neglect other processes that can 
affect the response of the probes. Spin labels provide detailed information about the 
partitioning of probes into specific membrane and aqueous domains and thus afford 
the opportunity to define more highly resolved energy-linked electrochemical poten- 
tials than have hitherto been obtained. 
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